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Polycyclic aromatic hydrocarbons (PAHs) are of interest in synthetic organic 
chemistry and materials science. The abundant PAH substrates can be simply divided 
into two classes of species related to their electronic ground state: closed-shell and 
open-shell PAHs. So in chapter 1, the background of closed-shell and open-shell 
PAHs was introduced, followed by an introduction to two-photon absorption (TPA) 
chromophores based on well-defined PAHs for their interesting non-linear optical 
properties. Then overviews on the design and synthesis of typical closed-shell PAHs 
(hexa-peri-hexabenzocoronene (HBC)) and open-shell PAHs were elucidated and the 
challenges to construct functionalized HBC and open-shell PAHs were discussed. 
Finally, an overview on the design of TPA chromophores provided guidelines for 
achievement of large TPA cross sections based on the structure-property relationship. 
Under all these backgrounds, a series of HBC-based novel PAHs with unique 
non-linear optical properties and self-assembling behaviors have been synthesized 
and investigated in detail, and new types of PAHs with tunable ground state have 
been constructed, whose electronic structure and geometry in the ground state as well 
as related properties were studied in this PhD work. 
In chapter 2, a series of novel TPA chromophores based on octupolar HBC 
molecules (HBC-NO2, HBC-CN, HBC-CF3) were prepared. All these HBC 
chromophores demonstrated remarkable TPA response and optical power limiting 
performance. 
In chapter 3, the synthesized C3 symmetric HBC tricarboxylic acid molecule 
(HBC-COOH) and the other octupolar HBCs provides promisng substrates for 2D 
 vi
 
crystal engineering. Both HBC-COOH and HBC-CF3 formed 2D honeycomb 
network at solid-liquid interface. The former took advantage of intermolecular 
hydrogen bond, while the latter was driven by dipole-dipole interaction between 
molecules.   
In chapter 4, two new stable benzannulated Chichibabin’s hydrocarbons 1-CS and 
2-OS were prepared and their electronic structure and geometry in the ground state 
were studied. 1-CS and 2-OS exhibited tunable ground states, with a closed-shell 
quinoidal structure for 1-CS while an open-shell biradicaloid form for 2-OS. The 
excited-state form 1-OS displayed an unusually slow decay to the ground state (1-CS) 
due to a large energy barrier arising from severe steric hindrance during the transition 
from an orthogonal biradical resonance form to a butterfly-like quinoidal resonance 
form. Both of compounds 1-CS and 2-OS can be oxidized into stable dications by 
FeCl3 and/or concentrated H2SO4. The open-shell 2-OS also exhibited large 
two-photon absorption cross section. 
In chapter 5, four new stable quinoidal rylenes were successfully synthesized and 
their geometry and ground-state electronic structure in the ground state were 
investigated by various experiments assisted by DFT calculations. Among them, 
Per-CN had a closed-shell ground state, while 2Per-CN, QDTP and QDTQ had an 
open-shell singlet configuration presumably driving by narrowed HOMO-LUMO 
energy gap. In addition, recovery of two additional aromatic thiophene rings in 
QDTP and QDTQ made their corresponding biradical resonance form more stable. 
For biradical 2Per-CN, rupture of quinoidal configuration is likely arisen from steric 
repulsion between two perylene units. 
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Chapter 1: Introduction 
 
1.1 Closed-shell and open-shell polycyclic aromatic hydrocarbons 
Polycyclic aromatic hydrocarbons (PAHs) represent a class of organic 
molecules, which can be regarded as two-dimensional (2D) graphene fragments 
and are widely found in the residues of domestic and natural combustion of coal, 
wood, and other organic materials, and even in interstellar space.[1] Compared 
with other graphene-based materials (e.g., infinite graphene sheet and graphene 
nanoribbon), nano-sized PAHs possess advantages such as physical 
processability, structural perfection, and interesting electronic and 
self-assembling properties, all of which intrigue scientists in the fields of organic 
chemistry, materials chemistry, theoretical chemistry, cancer research, 
environmental science, and astronomy.[1,2] Well-defined PAHs have been 
prepared by various methods,[1] and many inspiring PAH molecules have been 
discovered and more are waiting to be explored. Among them, Scholl[3] and 
Kovacic-type[4] reactions using Lewis acid-oxidant combinations as reagents for 
intramolecular cyclodehydrogenation have been widely used for the synthesis of 
a series of PAHs. The progress of modern synthetic methods and analytical 
techniques has allowed the efficient synthesis of well-defined PAHs under mild 
condition. [5] Many theoretical and experimental studies permit us to well 
understand PAHs’ geometric, energetic, structural and aromatic properties, 
[2b,2d,2e,6] as well as their nature of stability and electronic ground state.[7]  
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The basic building block for all kinds of PAHs is the benzene ring containing 
six delocalized π-electrons (named as the aromatic sextet benzenoid ring). 
Fusion of benzene rings in different topological arrangement leads to a variety 
of PAHs with different molecular sizes and edge structures. For example, linear 
fusion of benzene rings results in a series of molecules called “acene”, while 
angular annellation gives a type of molecule called “phene”. Further fusion of 
benzene rings into 2D structures affords two main different edge structures: 
zigzag and armchair. For example, triangular 2D fragments have only zigzag 
edges, all-benzenoid PAHs such as hexa-peri-hexabenzocoronene (HBC) have 
armchair edges, while rectangular nanographenes such as periacenes have a 
combination of zigzag and armchair edges. Both molecular sizes and edge 
structures play a significant role not only on the thermal and chemical stabilities, 
but also on the ground states of PAH molecules.  
One of the simplest PAHs is anthracene (1-1) (n = 1) containing three linearly 
fused aromatic rings. For fused PAHs, aromatic stabilization energy is directly 
correlated with the number of conjugated π bonds in an aromatic system.[1b] 
According to Clar’s aromatic sextet rule, anthracene and its analogues acenes 
have only one aromatic sextet benzenoid ring (Figure 1.1). As a result, the 
energy gaps of acenes as well as their stabilities successively decease as the 
number of fused benzene rings increase. Thus, longer acenes (n > 3) can easily 
degrade under ambient conditions and their resistance to photo-oxidation is 








Figure 1.1. Structures of acene and rylenes. 
 
In pursuit of stable and large PAHs with zigzag edges, rylenes have received a 
great deal of attention. Rylenes (1-2) are large PAHs which can be regarded as 
two or more naphthalene units are peri-fused together by single bonds 
(Figure 1.1). Perylene is the first member of the rylene series (n=0), which has 
been extensively studied due to its excellent optical and electronic properties.[9] 
Extension of the conjugation length along the long molecular axis of perylene 
by incorporation of additional naphthalene units to form poly(peri-naphthalene) 
has proven to be an effective method to study on their intriguing structural and 
electro-optical properties. From a view point of edge structure, the zigzag edges 
exist at the terminal naphthalene units and do not increase as the number of 
naphthalene unit increases in the higher rylene framework. However, 
higher-order rylenes encounter stability problem due to their larger electron-rich 
π-conjugated systems. Thus, stability should be taken into consideration for 
constructing large conjugated rylenes. To improve their chemical and photo-
stability, an effective method is introduction of electron-withdrawing groups (e.g. 
dicarboxylic imide) to the reactive peri-positions.[10] The presence of functional 
Chapter 1 
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substituents also provides opportunities to introduce alkyl chains or bulky 

















Figure 1.2. Structure of fused N-annulated perylene. 
 
Recently, the fused N-annulated perylene analogues containing nitrogen 
atoms annulated onto the armchair edge of rylene constructed rylene backbone 
(Figure 1.2),[11] A series of poly(peri-N-annulated perylene) up to hexarylene 1-3 
were achieved in Wang’s group, which can be regarded as perfect nanosized 
graphene ribbons. The carboximide derivative 1-4 was successfully synthesized 
in our group. Interestingly, compound 1-4 exhibited absorption at near-infrared 
(NIR) region and emitted strong fluorescence with high quantum yield up to 
55% in dichloromethane. Compound 1-4 showed extremely high photostability 
due to the attachment of electron-withdrawing dicarboximide groups, while 
other N-annulated rylenes have much poorer stability due to the electron-rich 
character. The optoelectronic properties of these edge N-annulated rylene 
derivatives can be easily tuned compared to conventional rylenes, which make 
these functionalized PAHs rather appealing to many potential applications such 
as organic field-effect transistors (OFETs), light emitting diodes (LEDs), 
photovoltaic devices, and other organic optoelectronic devices.[12] 
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Due to stability increased with the number of aromatic sextets[1b], 
all-benzenoid polycyclic aromatic hydrocarbons whose structure can be 
represented by “full” aromatic sextet rings show extremely high stability, as well 
as large energy gap and low chemical reactivity. Among the all-benzenoid PAHs, 
hexa-peri-hexabenzo coronene (HBC, 1-5) represents as the most famous 
armchair-edged PAH, which can be drawn as seven aromatic sextet benzenoid 
rings and no additional isolated double bond exists in the molecular frame 
(Figure 1.3). As a result, HBC displays a high stability and a large band gap. The 
flat and large conjugated system of HBC results in delocalization of a total 42 π 
electrons in the whole molecular system, and favors to strong π–π interactions 
between the rigid aromatic cores. The intrinsic self-organization behavior of 
HBCs resulting from strong intermolecular interactions makes them easy to 
 1-5  
Figure 1.3. Structure of hexa-peri-hexabenzocoronene. 
 
form one-dimensional columnar structures, and the overlap of π-orbitals 
between neighboring planes is maximized and charge carriers can easily travel 
along the one-dimensional columns, leading to outstanding electronic properties 
for HBC derivatives.[13] In addition, interfacial molecular self-assembly of 
HBCs can create a highly ordered monolayer on the substrate surface and work 
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as an active component in molecular electronics through the synthetic 
modification of their sizes and topologies.[14-15] The study of interfacial 
self-assembly of HBCs on a flat solid substrate gives lots of information on 
interfacial supramolecular architectures and their spatial arrangement, which are 
important in promoting the development of such molecules in molecular device. 
Since the self-organization of molecules at liquid-solid interfaces is entropically 
driven and governed by several parameters such as weak interactions with the 
substrate, solvent and the molecule itself,[16] the introduction of different 
substituents onto the HBC core may modulate the intermolecular interactions 
and therefore help to expand the interfacial supramolecular structures for HBCs. 
Although two-dimensional supramolecular self-assembling porous networks at 
solid-liquid interface are achieved by hydrogen-bonding interactions of 
appropriate small building units,[17] and  the size of cavity in the network can 
be further expanded to form host-guest structure at solid-liquid interface by 
using larger size building blocks such as benzenetribenzoic acid[18] and 
oligofluorene carboxylic acids,[19] the use of specific intermolecular interactions 
(e.g., dipole-diplole and hydrogen bonding interactions) between even larger 
disc-like HBC molecules for interfacial supramolecular assembly has not been 
sufficiently addressed. It would be interesting to study formation of a porous 2D 
honeycomb network by a combination of intermolecular interactions, such as 
dipole-diplole interactions, π-π interactions, van der Waals interactions and 
hydrogen bonding interactions driven by functional rigid aromatic HBCs. The 
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porous structure will also permit us to do further modifications by putting guest 
molecules into the empty cavities. A main drawback for HBCs is their extremely 
low solubility in common organic solvents due to the strong intermolecular π–π 
interaction. Therefore, the rational design of HBC derivatives with appropriate 
solubilizing groups is highly desirable. 
In contrast to armchair edged all-benzenoid PAHs with closed-shell electronic 
structure in the ground state, the theoretical calculations revealed that large 
zigzag-edged PAHs with a smaller amount of aromatic sextet benzenoid 
component would show energetically unfavorable ferromagnetic phase and a 
slightly more stable antiferromagnetic phase within the molecule frame.[20] The 
appearance of open-shell PAHs with molecular size can be attributed to the 
decreased HOMO–LUMO energy gap for the closed-shell state, because the 
near-degeneracy at the Fermi level coupled with electron-electron interaction 
renders the open-shell state more stable.[20] Zigzag edged PAHs with an 
open-shell ground state require a critical molecular size. Below the critical size, 
PAHs adopt a closed-shell nonmagnetic ground state, while at the critical size or 
larger, unpaired electrons dominates in the ground state.[21] In the case of acene, 
the number was predicted to be n = 5 (Scheme 1.1) as the critical size by density 
of function theory (DFT) calculation. That means octacene has an open-shelled 
ground state while heptacene has a closed-shell electronic structure. In other 
words, enough molecular size and large zigzag edges of PAHs will tune the 
ground state electronic structure. In the case of quinoidal PAHs, for example, the 
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oligophenoquinone 1-6, the extension of conjugation in longer members of 




















Figure 1.4. Resonance structure of oluigophenoquinone. 
 
 According to theoretical studies, open-shell PAHs will display interesting 
electronic, optical and magnetic properties. In fact, open-shell PAHs refer to 
those with one or more unpaired electrons, each of which occupies the 
degenerate or nearly degenerate molecular orbitals. Because of these singly 
occupied orbitals, open-shell PAHs are very reactive and short-lived under 
standard laboratory condition, which makes experimental studies difficult. In the 
case of biradical PAHs, the spins of the two unpaired electrons can be either 
anti-parallel or parallel, corresponding to the singlet or triplet state. The energy 
preference of the two states is determined by indirect dipole-dipole coupling (J 
coupling, also called exchange-coupling constant).[23] The sign and magnitude of 
J reflect the nature of spin–spin interactions between two radical centers. For 
example, negative sign of J coupling indicates the preference of an 
antiferromagnetic between two unpaired electrons, while positive sign suggests 
the preference of ferromagnetic interaction.  
Design of open-shell PAHs with unique electronic and magnetic properties is 
important in development of fundamental chemistry as well as in materials 
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sciences. Recently, open-shell PAHs have attracted intensive attention because 
of their wide occurrence in organic reactions and unique optical properties, as 
well as their potential technological applications.[24] However, the open-shell 
structure of these molecules with highly reactive unpaired electrons, renders 
them vulnerable to degradation reactions. Therefore, it is of importance to 
experimentally trace and handle unstable open-shell polycyclic aromatic 
hydrocarbons. Since the closed-shell ground state of PAHs can be tuned to 
open-shelled species though enlarging the aromatic molecular size and zigzag 
edges, it will open the door to construct PAHs with radical character among the 
abundant PAH molecules. 
Well-defined π-conjugated PAHs have been attracting great interest during the 
last decade because of their amazing non-linear optical (NLO) properties. [25] In 
this regard, PAHs molecules can be one of promising candidates for NLO 
chromophores, such as two-photon absorption (TPA) materials. Extensive 
researches have been carried out to develop efficient chromophores with enhanced 
TPA response. Many molecular design strategies based on the structure-property 
relationship were proposed to provide guidelines for the effective materials with 
large TPA cross sections. The relationship between electronic structures and 
photophysical processes governs TPA process, which is reflected by strong 
correlation between intramolecular charge-transfer processes and two-photon 
absorptivity. In theory, the TPA response usually results from the ground-state 
dipole moment and the transition dipole connected to either the ground state or the 
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excited state.[26] Thus, for design of an ideal chromophore with a highly active 
TPA and large TPA cross section (σ), the widely accepted design strategy is 
introduction of strong electron donor (D) or acceptor (A) groups or both 
components at the end of the π-conjugation system. From a view point of 
molecular structures, π-conjugated core is particularly important for the 
performance of TPA chromophores, because it leads to states with extended 
charge separation and enhances the efficiency of an intramolecular charge 
transfer.[27] The increasing TPA cross section with the strength of donor-acceptor 
interaction and the length of conjugation system as well as the increase of the 
planarity and rigidity of π-conjugated core, has also been shown theoretically and 
experimentally. On the basis of these important studies, the largely delocalized 
and rigid PAH molecule is a very attractive building block for new TPA 
chromophores, such as C6 symmetric HBC molecule with rigid planar 
geometry.[13] 
Additionally, while the capability of the solvent and molecule itself to promote 
aggregation of the TPA solutes is important factor to consider for TPA 
chromophores, the molecular structures which encourage the resonance conditions 
have also been shown to have a significant effect on the cross-sectional values. 
More recently, for PAHs, the open-shell ground state with intermediate biradical 
character has a drastic effect on the third-order NLO properties and second 
hyperpolarizability (γ) by theoretical calculations,[28] and this has been 
experimentally proved by several open-shell singlet molecules[29] with enhanced 
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TPA response such as bisphenalenyls and hexaphyrin derivatives. Therefore, 
open-shell PAHs as a new class of TPA chromophores are promising candidates in 
potential application. 
 
1.2. Overview on the synthesis of hexa-peri-hexabenzocoronene 
Well-defined HBCs and their derivatives show high thermal and chemical 
stability and serve as useful organic semiconductors in electronic and 
optoelectronic devices. Various methods have been used to afford HBC and its 
homologues. Clar and co-workers first reported synthesis of the parent HBC at 
high temperature (481 oC) as a pale yellow solid.[30] It allowed to measure 
optical property (i.e., UV-vis absorption) only in dilute solution due to extremely 
low solubility in solvent. Halleux and Schmidt et al. put effort into the synthesis 
and isolation of parent HBC, but a low yield (0.4 ~ 8%) was achieved under 
















Scheme 1.1. General synthesis of six-fold symmetric HBC derivatives: a) 
Co2(CO)8; b) CuCl2-AlCl3 or Cu(OTf)2-AlCl3 or FeCl3 in CH3NO2. 
 
With the development of modern chemistry, synthetic breakthroughs have 
been achieved by Müllen’s group.[5] It was found that Scholl-type oxidative 
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cyclodehydrogenation of branched oligophenylenes was an efficient way to 
prepare HBC and related PAH structures. For higher symmetric HBCs, 
Co2(CO)8-promoted cyclotrimerization of R-substituted diphenylacetylene (1-7) 
and subsequent cyclodehydrogenation generated the disc-like HBC derivatives 
(1-9) in high yields. The general synthetic protocol is shown in Scheme 1.1. 
Several types of Scholl-type oxidative reagents were developed to promote 
intramolecular ring closure under mild conditions such as FeCl3 in nitromethane 
and CuCl2/AlCl3 or Cu(OTf)2/AlCl3 in CS2, and various solubilizing flexible 
chains were introduced at the peripheries of the HBC core to increase its 
solubility and processability. This method is effective to prepare several kinds of 
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Scheme 1.2. Synthetic protocol for low-symmetric HBC derivatives. 
 
Low-symmetry HBC derivatives carrying substituents in different 
regioisomeric patterns were synthesized by an alternative route, as shown in 
Scheme 1.2. The synthetic route includes Diels-Alder cycloaddition between 
tetraphenyl cyclopentadienone derivatives (1-10) and diphenylacetylene 
derivatives (1-11) followed by oxidative cyclodehydrogenation with FeCl3 to 
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give the fused HBC derivatives (1-13). This synthetic strategy endows HBCs not 
only with solubilizing chains, but also with one or several bromine atoms with 
different symmetries, which allowed further functionalization by transition 
metal-catalyzed coupling reactions[13] (e.g. Kumada, Suzuki, Hagihara, Negishi, 
and Buchwald coupling reactions) and magnification of the scope for functional 
HBC materials. Over the past decade, by employing the two well-known 
synthetic strategies mentioned above, a series of HBCs with different 
symmetries and peripheries were investigated. However, the branched 
precursors for fused HBCs with functional groups would lead to low atom 
economy sometimes as well as synthetic challenge toward both 
cyclotrimerization and cyclodehydrogenation due to the tolerance of these two 
reactions. For example, cyclotrimerization usually would not work if these 
groups could form a complex with catalyst, and cyclization reaction would 
result in failure and rather complicated products if electron-donors (e.g. 
arylamine, mono-alkoxy) or electron acceptors (e.g. -CN or -COOR) were 
directly attached to the precursors. 
Among the all HBC systems, C3-symmetric discotics are the less investigated 
species. Synthesis of HBC molecules with C3 symmetry is not an easy task due to 
the synthetic difficulties. To date, there are only two kinds of methods toward 
design of C3 symmetric HBC based on well-defined precursors before oxidative 
cyclodehydrogenation. One of them is to use 1,3,5-trisbiphenylylbenzene triiodide 
1-14 as the key intermediate to afford the fully ring-closed HBC molecule in 
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quantitative yield (Scheme 1.3). Such a D3h symmetric triiodo HBC disc 1-15  
showed a high reactivity in Buchwald coupling reactions[13] and afforded the 
soluble arylamine-substituted HBC 1-16 in moderate yield, although the parent 
building block was insoluble in normal solvents. The key intermediate also could 
be converted into alkyl chain substituted precursor 1-17 to facilitate 
cyclodehydrogenation and afford a D3h symmetrically disklike HBC derivative 
1-18, which showed significantly different thermal and self-assembly behaviors 
compared to D6h symmetric HBC analogues.[33] This method limits functional 
diversification of HBC core because modification of functional group is restricted 























Scheme 1.3. Synthesis of triiodo HBC building block and star-shaped HBC 
molecules: a) n-C12H25MgBr, THF, Pd(dppf)Cl2, 50 oC, 86%; b)  FeCl3/ 
CH3NO2/CH2Cl2, 87%; c) FeCl3, CH3NO2/CH2Cl2, 92%; d) [Pd2(dba)3(PtBu3)], 
toluene, 80 oC, 24%. 
 
The other method (Scheme 1.4) utilized asymmetric diphenylacetylenes 1-19 
synthesized via Sonogashira coupling to carry out cyclotrimerization reaction 
catalyzed by Co2(CO)8 and afford hexaphenylbenzene (HPB) precursors. 
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Whereas, two isomers were obtained as a ratio of roughly 2:1 (1-20 and 1-21 






















Scheme 1.4. Synthesis of C3 symmetric hexaphenylbenzene precursors and the 
corresponding C3 symmetric HBCs: of a) Co2(CO)8, dioxane, reflux; (b) FeCl3, 
CH3NO2, CH2Cl2. 
 
HPB precursors should have sufficient difference in polarity between these two 
isomers to allow separate by routine column chromatography. After 
cyclodehydrogenation of the C3 symmetric HPB precursors (1-21), the 
corresponding C3 symmetric HBC[34] molecules was obtained (Figure 1.5). The 
synthesis of C3 symmetric HPB precursors and the subsequent C3 symmetric 
HBC analogues is difficult due to separation problems. However, this method 
provides two kinds of functional groups on the peripheries of HBC with C3 
symmetry, which broaden the family of HBC molecules. HBCs attached with 
different functionalities (1-22) provides promising discotic nanographene 
materials, which may allow more exact control of the order of HBC molecules 
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in the bulk state, the intramolecular binary energy/electron transport and the 
alignment of the discs on the surface. These works imply the possiblility for 
construction of new strong push-pull chromophores based on the large 
conjugated aromatic HBC core by introduction of two different functional 
groups (e.g. electron donors and acceptors), which may act as a series of new 
candidates for TPA chromophores and facilitate the study on the self-assembly 












Figure 1.5. C3-symmetric HBC derivatives with alternating substituents. 
 
1.3. Overview on the design and synthesis of open-shell PAHs 
In contrast to most PAHs having a closed-shell electronic structure with their π 
electrons only in bonding orbitals, open-shell PAHs have one or more unpaired 
electrons in molecular configurations which accommodate in singly occupied 
molecular orbitals (SOMOs). Due to the promising properties of open-shell PAHs 
predicted theoretically and observed experimentally, many efforts are made to 
deal with exercisable and stable open-shell PAHs. However, to data, only a few 
PAHs with open-shell configurations can be achieved compared with many 
theoretical predictions. Recent progresses on open-shell PAHs have developed 
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several types of relatively long-lived or stable radical compounds, especially for 
biradical PAHs. The design and synthesis of biradical PAHs is a hot topic, 
whereas it is challenging, mainly due to lack of general methods to construct 
biradical compounds and instability of open-shell PAHs themselves. To generate 
biradical PAHs, one strategy is combining two monoradical fragment into one 
molecular framework. Thus, it is important to consider the corresponding 
monoradicals when constructing biradical PAHs. Triphenylmethyl radical (1-23) 
is the first moderately stable radical reported by Moses Gomberg in 1900,[35] 
which was produced by treatment of trityl chloride with silver or zinc under 
anaerobic condition. In order to avoid steric interference between the phenyl 
groups of the triphenylmethyl radical, the preferred conformation of these groups 
are twisted out of plane and acted like the blades of a propeller. Since 
triphenylmethyl radical does not undergo hydrogen addition to unsaturated 
molecules, the solution can survive for several days in the absence of oxygen.  
H
1-23 1-24  
Scheme 1.5. Equilibrium of triphenylmethyl radical. 
 
The problem is the dimerization of the monoradicals in triphenylmethyl radical 
solution[36] (Scheme 1.5). To minimize the extent of dimerization, radical 1-25 
was synthesized by Muller et al.[37] In radical 1-25, the ortho oxygen atoms 
linking the phenyl rings together make the radical more nearly planar, which may 
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result in a maximum amount of resonance stabilization and expect to reduce 
dimerization if resonance is the main cause for the stability of triarylmethyl 




1-25 1-26  
Figure 1.6. Analogues of triphenylmethyl radical. 
 
To suppress dimerization, steric hindrance was applied to stabilize the 
triarylmethyl radicals. Ballester et al. prepared perchloro-triphenylmethyl radical 
1-26 from triphenylmethane.[38] The monomeric state of 1-26 was quite stable 
even in the air. This indicates that steric effect is the main contribution to the 
stability of triphenylmethyl radical, which makes radical sterically impossible to 
dimerize and inert to other reagents (e.g. oxygen). 
Oxidant
1-27 1-28 1-29  
Scheme 1.6. Synthesis of phenalenyl radicals. 
 
Phenalenyl radical (1-28) is another interesting monoradical prepared from 
perinaphthene (1-27).[39] Compound 1-27 reacted with quinone oxidants (e.g., 
DDQ., chloranil, TBQ, 1,4-benzoquinone, 1,2- and 1,4-naphthaquinone) in both 
polar and non-polar solvents (e.g., benzene, methylene chloride, carbon 
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tetrachloride, and acetonitrile) at room temperature to afford a highly symmetric 
(D3h) and fully delocalized radical (Scheme 1.6). With similar synthetic method, 
2,5,8-tri-tert-butyl-phenalenyl radical 1-29 was successful isolated in the 
crystalline state aided by the steric hindrance of inducing the bulky groups at the 
β-positions.[40] Phenalenyl radical 1-29 in the crystals was very stable in the 
absence of air. This is mainly attributed to stabilization by employing tertiary 
butyl groups at three β-positions of highly reactive phenalenyl core. However, 
when it exposes to air at room temperature, a mixture of yellow phenalenone 
derivatives and unidentified products were observed. 
From a view point of molecular skeleton, phenalenyl radical can be viewed as 
the smallest member of graphene in a triangular manner which is regarded as 
“open-shell graphene fragments” due to one unpaired electron and with spin 
multiplicity 2S+1=2. When the two monoradical motifs are integrated into one 
molecule, the alignment of electron spins becomes the point at issue whether there 
is an interaction between two unpaired electrons in diradicals. In this case, 
diradical PAHs includes substances of three different types. The first includes 
ordinary molecules with a singlet ground state such as Chichibabin’s hydrocarbon 
1-30,[41] which possess a characteristic resonance structure between a quinoidal 
form and benzenoid structure (Figure 1.7).  
1-30  




  The anti-parallel spins of two unpaired electrons make the structures with the 
overall spin S = 0. Like its parent monoradical, the biradical 1-30 was sensitive to 
oxygen and tended to dimerize in solution. The second type of biradicals 
constitutes substances in which two unpaired electrons adopt a parallel spin. Thus 
the molecules have a triplet ground state because of the degeneracy of the upper 
occupied levels, such as biradical 1-31 and its analogue 1-32 in which two 
triphenylmethyl radicals are meta-linked together. Compound 1-31 is the first 
example of non-Kekule hydrocarbons with triplet ground state.[42] However, it is 
extremely unstable. Compared to triplet 1-31, a relatively stable biradical 1-32 
shows intense triplet EPR spectrum in frozen solution.[42b] The stability of 
compound 1-32 is improved due to the steric shielding.  
1-31 1-32  
Figure 1.8. Representative molecular structures with triplet state 
 
Similar to its parent triphenylmethyl radical, biradical 1-31 still cannot avoid 
the problem of dimerization. The third type of biradicals are molecules consisting 
of two parts and each one is an ordinary monoradical, in which the two halves of 
the molecule are located in planes forming a considerable angle relative to one 
another due to the steric hindrance of the substituents, or the interaction between 
the unpaired electrons cover over a long distance or an insulating group (e.g. 
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oxygen atom and CH2 groups). For example, perchlorinated Chichibabin biradical 
1-33 consisted two monoradical 1-26 was synthesized by Ballester et al..43 The 
synthetic route is shown in Scheme 1.7. First, compound 1-33 was converted into 
the perchlorocarbanion 1-34 by alkaline treatment in DMSO. Then oxidation by 
iodine produced the biradical 1-35 in high yield. Like its monoradical, this 
biradical is extremely unreactive. The X-ray analysis of perchlorinated 
Chichibabin biradical shows that the two biphenyl benzene rings are nearly 
perpendicular.[44] Therefore, the pertinent π-electron systems are also orthogonal, 
and hence no interactions happen between two unpaired electrons which further 

























Scheme 1.7. Synthesis of perchlorinated Chichibabin’s hydrocarbon 
 
Due to lack of kinetic stability for phenalenyl monoradical, the bisphenalenyl 
diradicals combined two phenalenyl units are easy to suffer from dimerization and 
oxidation. Additionally, there is a weak perturbation between SOMOs of the 
phenalenyl radical and the frontier orbitals of a central conjugated system. This 
perturbation results in a small energy gap between HOMO and LUMO of 
molecule. Thus it is challenging to design and synthesize stable bisphenalenyl 
radicals. The first isolated open-shell PAHs bisphenalenyls 1-46 was prepared by 
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Nakasuji et al. through a rather complicated synthesis procedures.[45] The 
synthetic route is summarized in Scheme 1.8. A Diels-Alder reaction of 1-36 and 
1-37 afforded an isomeric mixture of the 3,10- and 3,11-dimethyl compounds 1-38. 
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Scheme 1.8. Synthesis of bisphenalenyl derivatives. 
 
bis(carboxylic acid) compounds which were converted to the key intermediates 
1-39 by decarboxylation. Bis(propionic acid) derivative 1-42 was obtained 
through conventional methods after three steps. A Friedel-Crafts cyclization of the 
acyl chloride of 1-42 with AlCl3 afforded the diketone 1-43. Then, the ketone was 
treated with LiAlH4 and subsequently dehydrated with a catalytic amount of 
p-toluenesulfonic acid to afford the dihydro compound 1-45. Finally, the precursor 
1-45 was dehydrogenated by p-chloranil in benzene to afford the target 
hydrocarbon 1-46 as green prisms. Biradical 1-46 was stable in the solid state at 
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room temperature. Interestingly, this bispenalenyl radical showed four-stage 
amphoteric redox behavior. 
Combination of two phenalenyl units in a conjugation manner results in several 
interesting biradicals PAHs such as 1-47 ~ 1-50 (Figure 1.9 and Figure 1.10),[29a,46] 
which attract intensive interest in both theoretical and experimental aspects.[46-47] 
Compared to monoradical, enhanced stability results from intrinsic delocalization  
of phenalenyl moiety, steric hindrance at active position of phenalenyl units, as 
well as aromatic stabilization by recovery of one more sextet benzenoid ring from 
quinoidal form to the biradical form (Figure 1.10). 
 
S
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Figure 1.10. Resonance structures of biradical derivatives. 
 
Zethrene is regard as “head-to-head” fusion of two phenalenyl moieties. 
Z-shaped zethrene series with remarkable biradical characters were first predicted 
by Nakano et al..[48] Higher order open-shell zethrene species were successfully 
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synthesized aided by the development of synthetic methodologies. Recently, a 
heptazethrene derivative 1-52 with distinct biradical charater[49] was obtained in 
our group by an intramolecular transannular cyclization reaction between the 
diacetylene moieties of 1-51. The singlet biradical form of 1-52 was located 5.8 
and 7.5 kcal•mol-1 lower than the closed-shell and triplet forms based on 
theoretical calculations. Thus the singlet biradical structure contributed to the 
ground state. In addition, the spin density was found to be homogeneously 
delocalized among the whole molecular backbone, while that of bisphenalenyl 
biradicals reported by Nakatsuji and Kubo mainly resides on the phenalenyl 
moiety. Beside delocalization effect, attachments of two electron-withdrawing 
















1-51 1-52  
Scheme 1.9. Synthesis and structure of a heptazethrene bis(dicarboximides). 
 
Since well-defined graphene fragments are important to understand the 
electronic and magnetic properties of graphene, chemists have made great efforts 
in the synthesis of graphene fragments.[13] The abovementioned phenalenyl units 
represent the triangular clipping of graphene with only zigzag edges. In contrast, 
rectangular fragments of graphene named as anthenes include both zigzag and 
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armchair edges, which were predicted to possess an open-shell singlet ground 
state with increased zigzag edges.[20] At the same time, the HOMO-LUMO energy 
gap will also decease as the zigzag edges increasing, leading to unstable higher 
order anthene molecules. By overcoming the synthetic difficulty, the first 
open-shell anthene (1-53, Figure 1.11)) with singlet biradical character was 
recently reported by Konishi et al..[50] From an energy point of view, 
delocalization effect will be minimized due to the unpaired electrons are localized 
at the zigzag edges in the biradical form. Thus the compensation energy from a 
close-shell form to a biradical configuration mainly comes from the formation of 
three additional Clar sextet rings upon resonance (Figure 1.11). Steric hindrance 
was also applied to stabilize the unpaired electrons, by introduction of mesityl at 
the zigzag edge. The HOMO–LUMO gap (1.18 eV) of the teranthene was 
determined to be 1.18 eV from cyclic voltammetry. Such a small energy gap 















Figure 1.11. Resonance forms of teranthene derivative. 
 
Since the low energy band gap is an important factor for open-shell PAHs, 
Chapter 1 
 26
extensively conjugated quinoidal compounds whose band gap decrease with 
longer quinoidal units, may exhibit biradical character when their HOMO-LUMO 
energy gap is small enough. The representative examples are conjugated 
heptacyclic carbocycle consisting of three quinoidimethane[51] and quinoidal 
oligothiophenes, as shown in Figure 1.12. The tri-pQDM (1-55) exhibit a 
relatively low band gap (1.02 eV) compared to that of the di-pQDM (1.58 eV) 
from cyclic voltammetry. Such smaller band gap results in distinctive biradical 
character for compound 1-55, while a closed-shell quinoidal structure for 
compound 1-54. Furthermore, this biradical could be stabilized by the cyano 
groups against molecular oxygen and formation of three additional Clar’s 
aromatic sextets upon resonance, which was experimentally proved to be 
extremely stable to the air and ambient light in both solution and solid states. 
From the SQUID measurements, tri-pQDM was determined as a singlet ground 
state biradical with the singlet-triplet energy gap (ΔES-T) of 2.12 kcal/mol. Such 
open-shell species with singlet ground state resolved the conventional stability 








































1-56f:  n=6  




Quinoidal oligothiophenes represent another attractive class of π-conjugated 
systems with tunable ground state depending on the members of quinoidal units 
(Figure 1.12). A main drawback, however, is their complicated synthesis and low 
solubility with quinoid extension. Fusion of soluble groups (e.g. 
bis(butoxymethyl)cyclopentane ring) to each thiophene rings is quite helpful for 
formation of long oligothiophenes. A family of quinoidal oligothiophenes 
end-capped with dicyanomethylene groups (1-56) were prepared[52] and found to 
display very interesting properties in terms of energy band gap and electronic 
ground state. The oligomer series displayed a continuous energy gap decrease 
along with the extension of conjugation. While the shortest oligomers (n ≦ 4) are 
ESR-silent with the closed-shell electronic structure, the longer oligomers (n = 5 
and 6) present a broad ESR signal with the open-shell ground state, which are 
suggested to be in equilibrium with a biradical species in 2.8% and 29% 
proportions for 1-56e and 1-56f, respectively. Additionally, these cyano 
substituted quinoidal oligothiophenes exhibited strong π-stacking and are air 
stable. These features make them promising as n-type organic semiconductors and 
ambipolar transporting materials in organic thin-film transistors.[53]  
 
1.4. Overview on the design of TPA chromophores  
  Two-photon absorption (TPA) is defined as the simultaneous absorption of 
two photons of identical or different frequencies in order to excite a molecule in 
the ground state to a higher energy excited state. The main difference between 
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one-photon absorption and two-photon absorption is that TPA involves the 
simultaneous interaction of two photons, and so it increases with the square of 
the light intensity, whereas one-photon absorption depends linearly on the 
intensity. Most of the applications for TPA result from this intensity dependence, 
which require compounds displaying high TPA cross-sections to significantly 
decrease the excitation intensity and provide improved excitation selectivity. 
Because TPA chromophores provided an opportunity for versatile applications 
based on their non linear absorption properties,[25] a very wide range of 
chromophores have been studied experimentally.  
Many efforts have been made to develop the criteria for the design of 
molecules with large TPA cross-section. It is found that the incorporation of 
trans-stilbene with terminal donor substituents，leading to the general molecular 
structure D–π–D (where D is an electron donor group and π is a conjugated 
central link), can enhance the TPA properties (Figure 1.13). For example, 
compound 1-57b has a TPA cross-section of 340 GM at 680 nm, which is nearly 
thirty times more than that of its counterpart 1-57a (1300 GM at 514 nm).[54] 
This TPA enhancement is based on the intramolecular charge transfer from the 
donor substituents to the central core. 
D
D
1-57a: D = H
1-57b: D = NPh2
 
Figure 1.13. Structures of trans-stilbene derivatives. 
 
  In contrast to donor–bridge–donor (D–π–D) quadrupoles, molecules with the 
general structure donor–bridge–acceptor (D–π–A) dipoles (where A is an 
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electron acceptor group) have also been studied exhibiting good apparent 
two-photon absorption due to the intramolecular charge transfer between the 
donor and acceptor. A rather high TPA cross-section can be achieved for such 
system. For instance, dipole 1-58 exhibited a maximum TPA cross section value 











Figure 1.14. Structure of dipolar TPA chromophore 1-58. 
 
Several types of electron-donating groups (e.g. dialkyl and diaryl amino 
groups and oxygen-based donors) and electron-withdrawing groups (NO2, CN 
and fluorine-based acceptor) are employed as terminal groups to construct 
structure motif of TPA chromophoes such as D-π-A-π-D, D–π–D, A–π–A and 
A–π-D-π-A quadrupolar systems as well as D–π–A dipolar molecules. Most 
of these chromophores show good TPA properties due to enhancement of charge 
transfer. This indicates that D and A groups are essential components for TPA 
active chromophores. In addition, the choice of terminal groups also affects the 
TPA response. For example, quadrupole 1-59a with dialkyl amino group had a 
maximum TPA cross-section of 1300 GM, while its counterpart 1-59b based on 
alkoxyl donor only showed that of 110 GM (Figure 1.15).[56] It suggests that the 






1-59a: D = NBu2
1-59b: D = OMe
R R  
Figure 1.15. Structures of quadrupolar TPA chromophores with different donors. 
 
In parallel with linear dipolar and quadrupolar chromophores, three branched 
octupolar systems have been explored as a separate group of TPA-active 
chromophores. If the electronic coupling between the branches is weak and the 
core allows significant electronic coupling among the individual branch, three-arm 
octupole should be increase several folds in TPA cross section value with respect 
the individual arm systems.[57] So it is not surprising to observe significant TPA 
cross sections for octupolar chromophores (Figure 1.16)[58] even based on weaker 
electron-donating and -accepting cores (1,3,5-benzene and 1,3,5-triazine). The 
maximum TPA cross section values for octupolar compound 1-60 and 1-61 
reached to 2480 and 2405 GM at 800 nm, respectively. These results extend the 
study to combine the dimensional effect and the donor and acceptor component 
for improvement of TPA effect, although limited octupolar systems are reported 
















Besides the strong electron-donating/accepting terminal groups that are 
essential for TPA chromophores, the π conjugated bridge and central core are the 
most relevant ingredient for the achievement of high TPA cross section values. If 
the π system chromophores strongly coupled through conjugated bridge, the TPA 
response will enhance with conjugation length as a result of the increase in the 
transition dipole moments. For example, for the dipolar pentafluorostilbene 
derivatives 1-62a-c, the TPA cross section values increase with the member of 
conjugated bridge.[59] Another example is that the porphyrin oligomers 1-63a-d 
illustrate the dramatic increase in the TPA cross-section resulting from increasing 
number of porphyrin units (Figure 1.17).[60] The intensely amplified TPA response 
is likely caused by the larger polarizability along the elongated π-conjugation 
pathway. In addition, the π-conjugation elongation favors π-orbital overlap, 
leading to effective electronic interaction in the molecular frame. This feature also 







1-62a: n = 1, σ(2) = 120 GM at 750 nm 
1-62b: n = 2, σ(2) = 300 GM at 820 nm 








1-63a: n = 1, σ(2) = 20 GM at 850 nm 
1-63b: n = 2, σ(2) = 9100 GM at 890 nm 
1-63c: n = 4, σ(2) = 22000 GM at 960 nm 
1-63d: n = 8, σ(2) = 37000 GM at 980 nm  
Figure 1.17. Representive TPA chromophores with elongated π-conjugation. 
 
Two-photon absorption is also sensitive to the conformation of the 
π-conjugated bridge and central core because electronic coupling is optimized 
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when a π system adopts a rigid planar geometry. A beautiful illustration of 
planarity effect on TPA properties is the meso-linked porphyrin dimers prepared 
























1-65a: n = 6, σ(2) = 3500 GM at 800 nm 
1-65b: n = 5, σ(2) = 3900 GM at 800 nm
1-65c: n = 4, σ(2) = 4800 GM at 800 nm
1-65d: n = 3, σ(2) = 6100 GM at 800 nm
1-65e: n = 2, σ(2) = 6300 GM at 800 nm
1-65f:  n = 1, σ(2) = 7500 GM at 800 nm
Figure 1.18. Molecular structures of meso-meso linked porphyrin dimers. 
 
As shown in Figure 1.18, the directly meso-linked diporphyrin 1-64 are 
considered to have an average dihedral angle of nearby 90◦ due to the steric 
hindrance between the adjacent porphyrin planes, leading to minimum electronic 
coupling between two porphyrin units. This feature results in less than 100 GM of 
TPA values for chromophore 1-64. The dihedral angle can be controlled by 
dioxymethylene strap chain with varied number of carbon atoms (Figure 1.18, 
porphyrin arrays 1-65) and the angle was then calculated to be as follows: 80◦ 
(1-65a), 77◦ (1-65b), 71◦ (1-65c), 48◦ (1-65d), 42◦ (1-65e), and 36◦(1-65f). As the 
dihedral angle is reduced, planarity and rigidity of the dimer increases. 
Surprisingly, a slight reduction in the dihedral angle for compound 1-65a results 
in a large enhancement in TPA cross-section values (3500 GM) compared to the 
orthogonal diporphyrin dimer. Furthermore, it was found that the TPA 
cross-section values increased in a series of strapped diporphyrins 1-64 (Figure 
1.18) as the dihedral angle decrease. This feature indicates that there is a strong 
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correlation between the TPA cross-section values and planarity of the 
π-conjugation system. Such planarity effect caused by dihedral angle control via 
coordination and host-guest interactions were also observed for various 
chromophores based on porphyrin unit, leading to a further enhancement in the 
TPA cross-section values. In contrast to control of dihedral angle, the fused 
porphyrin (1-66 and 1-67) dimer provides full π-conjugation between the adjacent 
porphyrins and a completely planar structure.[62] The TPA cross-section value of 
1-66 was up to 11900 GM at 1200 nm. This value is slightly less than that 
measured at 800 nm, where the influence of one photon absorption cannot be 
completely neglected. When benzene rings were fused onto the porphyrin 
macrocycle to form even larger π-conjugation fused diporphyrin 1-67, TPA 
cross-section value was distinctly increased to 15,400 GM at 1260 nm compared 
with that of 1-66. Even larger TPA cross-section values were observed for linearly 
fused porphyrin trimer and tetramer due to high π-electron delocalization 
throughout flat molecular framework.[62] However, one-photon absorption occurs 
in the whole spectral region, which contributes to the TPA response, and the 
influence cannot be eliminated completely.[63] Rigid conformational control can 
also be achieved by self assembly. Restricting the free rotation of conjugated 
systems enhances the electronic communication and so increases the TPA 
cross-section. In addition, TPA enhancement promoted by intermolecular 
interactions was early predicted by theory.[64] However, the experimental 
confirmation of J aggregation-induced enhancement of TPA began to appear only 
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1-66 1-67  
Figure 1.19. Molecular structures of fused porphyrin dimers. 
 
Many types of π system cores such as fluorene, dihydrophenanthrene, 
anthracene, pyrrole, thiophene, squaraine, paracyclophane, multi-annulene and 
porphyrin are employed as molecular components for TPA chromophores.[27,66] 
Among them, derivatives of porphyrin are most attractive and extensively studied 
because porphyrin core is planar with large number of π-electrons, which allow 
high transition dipole moments and efficient intramolecular charge transfer. The 
results of structure-property relationship studies reveal that there are several 
essential components required for design of highly active TPA chromophores, 
such as a strong electron donor or acceptor, a polarizable π-bridge, and planar and 
highly π-electron delocalized core, together with consideration of dimensional 
effect and aggregation behavior. 
According to theoretical calculation, TPA cross section is proportional to the 
product of the squared transition dipole moment and the squared difference 
between excited-state and ground-state dipole moments.[67] An important structure 
function parameter of TPA materials is the increase in second hyperpolarizability 
(γ). From a view point of molecule, it is convenient to relate the TPA cross section 
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to the relevant quantity of second hyperpolarizability.[67] In contrast to most 
third-order nonlinear optical properties are arising from closed-shell singlet 
systems, theoretical studies pointed out that the third-order NLO properties were 
drastically enhanced in open-shell diradical systems with intermediate diradical 
character, and consequently TPA activity.[68] Moreover, it was found that the 
second hyperpolarizability of open-shell chromophores showed a bell-shape 
dependence as a function of the diradical character. Recently, the first 
experimental evidence in support of these predictions was reported by Kubo’s 
group. The singlet diradical 1-49 and 1-50 showed a maximum TPA cross-section 
value up to (424 ± 64) GM at 1425 nm and (890 ± 130) GM at 1500 nm 
respectively.[29a] These results are one of the best compared to that of pure 
hydrocarbons without donor and acceptor substituents, thus providing new 
insights into the design a new class of TPA materials. 
 
1.5. Objectives 
Polycyclic aromatic hydrocarbons are one of the most widely studied families 
of organic compounds. Among the abundant substrates, disc-like hexa-peri- 
hexabenzocoronene is famous as the armchair-edged PAH with high thermal and 
chemical stability. However, there were only limited C3-symmetric HBCs under 
study mainly due to synthetic challenges. So it is challenging and significant to 
work on HBC derivatives with two different functional groups, which may favor 
to investigate their optical properties and self-assembling behavior base on such 
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rigid planar aromatic core. Furthermore, functional groups such as electron 
donors and acceptors alternatingly attached on large HBC building block can 
construct a new type of octupolar TPA chromophores. In Chapter 1, we will 
discuss the synthesis of this type of HBC-based octupolar TPA chromophores. 
In contrast to most PAHs with a closed-shell electronic structure, open-shell 
PAHs are of importance to understand the nature of chemical bonding and the 
fundamental chemical and physical phenomenon of π-conjugated systems. In 
addition, they are expected to show unique electronic, optical and magnetic 
properties. Despite the high interest and promising properties, the research on 
open-shell PAHs was limited by their intrinsic instability, and only several types 
of open-shell PAH species were developed. Therefore, it is very important and 
significant to establish new approaches to design stable open-shell PAHs and 
construct new types open-shell species from abundant PAHs molecular 
framework. Based on these considerations, a series of open-shell PAHs with 
tunable ground states using appropriate building block will be developed in this 
thesis. The whole thesis will include the following parts:  
(1) Synthesis of a new three-fold symmetric all-benzenoid hexa-peri-hexa 
benzocoronene building block with certain alkoxy groups for the purpose of 
increasing solubility as well as introducing electron-donating groups (D). 
Different electron-withdrawing groups (A) are attached onto the peripheries of 
fused HBC core to construct a novel type of strong “push-pull” type octupolar 
TPA chromophores. Their TPA properties and application as optical limiting 
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materials will be disccussed . 
(2) Synthesis of a novel C3 symmetric hexa-peri-hexabenzocoronene 
tricarboxylic acid based on the corresponding HBC building block. 
Two-dimensional assembly of this molecule and the other octupolar HBCs at the 
solid-liquid interface will be studied by scanning tunneling microscope. 
(3)  Preparation of a new type of stable tetrabenzo-Chichibabin’s hydrocarbons 
with tunable ground state. Various experimental and theoretical methods will be 
used to understand the electronic, optical and magnetic properties of this type 
PAH molecules. 
(4) Construction of quinoidal rylenes with tunable ground states. Their 
electronic structures and geometries in the ground state will be also studied. 
 
References 
1.  (a) Clar, E. Polycyclic Hydrocarbons; Academic Press: New York, 1964; Vol. 
I/II. (b) Clar, E. The Aromatic Sextet; Wiley-VCH: London, 1972. (c) Scholl, 
R.; Seer, C.; Weitzenbök, R. Chem. Ber. 1910, 43, 2202. (d) Scholl, R.; Seer, 
C. Liebigs Ann. Chem. 1912, 394, 111. (e) Scholl, R.; Seer, C. Chem. Ber. 
1922, 55, 330. (f) Clar, E.; Stewart, D. G. J. Am. Chem. Soc. 1953, 75, 2667. 
(g) Clar, E.; Schmidt, W. Tetrahedron. 1979, 35, 2673. 
2.  (a) Randić, M. Chem. Rev. 2003, 103, 3449. (b) De Proft, F.; Geerlings, P. 
Chem. Rev. 2001, 101, 1451. (c) Schleyer, P. V. R. Chem. Rev. 2001, 101, 
1115. (d) Mitchell, R. H. Chem. Rev. 2001, 101, 1301. (e) Slayden, S. W.; 
Chapter 1 
 38
Liebman, J. F. Chem. Rev. 2001, 101, 1541. (f) Goh, S. H.; Harvey, R. G. J. 
Am. Chem. Soc. 1973, 95, 242. (g) Harvey, R. G.; Zhang, J.-T.; Luna, E.; 
Pataki, J. J. Org. Chem. 1998, 63, 6405. 
3. Balaban, A. T.; Nenitzescu C. D. In Friedel-Crafts and Related Reactions; 
Olah G. A., Ed; Interscience: New York, 1964; Vol. 2, Part 2, p 979. 
4.  Kovacic, P.; Jones, M. B. Chem. Rev. 1987, 87, 357. 
5.  (a) Müllen, M.; Mauermann-Düll, H.; Wagner, M.; Enkelmann, V.; Müllen, 
K. Angew. Chem., Int. Ed. Engl. 1995, 34, 1583; (b) Berresheim, A. J.; 
Morgenroth, F.; Wiesler, U.-M.; Müllen, K. Polym. Prep. 1998, 39, 721. 
6.  Goddard, R.; Haenel, M. W.; Herndon, W. C.; Krueger, C.; Zander, M. J. 
Am. Chem. Soc. 1995, 117, 30.  
7.  Sun, Z.; Wu, J. J. Mater. Chem. 2012, 22, 4151.  
8.  Chun, D.; Cheng, Y. N.; Wudl, F. Angew. Chem. Int. Ed. 2008, 47, 8380. 
9.  (a) Werner, T. C.; Chang, J.; Hercules, D. M. J. Am. Chem. Soc. 1969, 92, 
5560. (b) Rathore, R.; Kumar, A. S.; Lindeman, S. V.; Kochi, J. K. J. Org. 
Chem. 1998, 63, 5847. (c) Shkrob, I. A. J. Phys. Chem. A. 1998, 102, 4976. 
10. Cappel, U. B.; Karlsson, M. H.; Pschirer, N. G. J. Phys. Chem. C. 2009, 113: 
14595. 
11. (a) Jiang, W.; Qian, H.; Li, Y.; Wang, Z. J. Org. Chem. 2008, 73, 7369. (b) 
Jiao, C.; Huang, K.; Luo, J.; Wu, J. Org. Lett. 2009, 11, 4505. (c) Li, Y.; Gao, 
J.; Motta, S. D.; Negri, F.; Wang, Z. J. Am. Chem. Soc. 2010, 132, 4208. (d) 
Li, Y.; Wang Z. Org. Lett. 2009, 11, 1385. 
Chapter 1 
 39
12. (a) Anthony, J. E. Chem. Rev. 2006, 106, 5028. (b) Takimiya, K.; Jigami, T.; 
Kawashima, M.; Kodani, M.; Aso, Y.; Otsubo, T. J. Org. Chem. 2002, 67, 
4218. (c) Wang, X.; Li, X.; Zhang, L.; Yoon, Y.; Weber, P. K.; Wang, H.; 
Guo, J.; Dai, H. Science 2009, 324, 768. (d) Yan, Q.; Huang, B.; Yu, J.; 
Zheng, F.; Zang, J.; Wu, J.; Gu, B. L.; Liu, F.; Duan, W. Nano Lett. 2007, 7, 
1469. 
13. Wu, J.; Pisula, W.; Müllen, K. Chem. Rev. 2007, 107, 718. 
14. Müllen, K.; Rabe, J. P. Acc. Chem. Res. 2008, 41, 511. 
15. (a) Jäckel, F.; Watson, M. D.; Müllen, K; Rabe, J. P. Phys. Rev. Lett. 2004, 
92, 188303. (b) Watson, M. D.; Jäckel, F.; Severin, N.; Rabe, J. P.; Müllen, K. 
J. Am. Chem. Soc. 2004, 126, 1402. 
16. (a) Mu, Z. C.; Shu, L. J.; Fuchs, H.; Mayor, M.; Chi, L. F. J. Am. Chem. Soc. 
2008, 130, 10840. (b) Mu, Z. C.; Yang, X. Y.; Wang, Z. Q.; Zhang, X. 
Langmuir. 2004, 20, 8892. 
17. (a) Kudernac,T.; Lei, S. J.; Elemans, A. A.W.; De Feyter, S. Chem. Soc. Rev. 
2009, 38, 402. (b) Cicoira, F. Santato, C.; Rosei, F.; Top. Curr. Chem. 2008, 
285, 203. 
18. Kampschulte, L.; Lackinger, M.; Maier, A. K.; Kishore, R. S. K.; Griessl, S. 
Schmittel, M.; Heckl, W. M. J. Phys. Chem. B. 2006, 110, 10829. 
19. Ma, Z.; Wang, Y. Y.; Wang, P.; Wei, H.; Li, Y. B.; Yang, S. B.; Yang, Y. L.; 
Fan, X. L.; Wang, C. ACS Nano. 2007, 1, 160. 
20. (a) Fujita, M.; Wakabayashi, K.; Nakada, K.; Kusakabe, K. J. Phys. Soc. Jpn. 
Chapter 1 
 40
1996, 65,1920. (b) Jiang, D. Chem. Phys. 2007, 126, 134701. (c) Jiang, D.; 
Dai, S. Chem. Phys. Lett. 2008, 466, 72.  
21. (a) Jiang, D. E.; Dai, S. J. Phys. Chem. A. 2008, 112, 332. (b) Jiang, D. E.; 
Sumpter, B.G.; Dai, S. J. Chem. Phys. 2007, 127, 124703. 
22. West, R.; Jorgenson, J. A.; Stearly, K. L.; Calabrese, J. C.; J. Chem. Soc., 
Chem. Commun. 1991, 1234. (b) Rebmann, A.; Zhou, J.; Schuler, P.; Rieker, 
A.; Stegmann, H. B. J. Chem. Soc., Perkin Trans. 1997, 2, 1615. 
23.  (a) Blake, P. R.; Park, J. B.; Adams, M. W. W.; Summers, M. F. J. Am. Chem. 
Soc. 1992, 114, 4931. (b) Vuister, G. W.; Bax, A. J. Am. Chem. Soc. 1993, 
115, 7772.  
24. (a) Chikamatsu, M.; Mikami, T.; Chisaka, J.; Yoshida, Y.; Azumi, R.; Yase, 
K. Appl. Phys. Lett. 2007, 91, 043506. (b) Yazyev, O.; Katsnelson, M. I. 
Phys. Rev. Lett. 2008, 100, 047209. (c) Morita, Y.; Nishida, S.; Murata, T.; 
Moriguchi, M.; Ueda, A.; Satoh, M.; Arifuku, K.; Sato, K.; Takui, T. Nat. 
Mater. 2011, 10, 947.  
25. (a) He, G. S.; Bhawalkar, J. D.; Zhao, C. F.; Prasad, P. N. Appl. Phys. Lett. 
1995, 67, 2433. (b) Charlot, M.; Izard, N.; Mongin, O.; Riehl, D.; 
Blanchard-Desce, M. Chem. Phys. Lett. 2006, 417, 297. (c) Bouit, P. A.; 
Wetzel, G.; Berginc, G.; Loiseaux, B.; Toupet, L.; Feneyrou, P.; Bretonniere, 
Y.; Kamada, K.; Maury, O.; Andraud, C. Chem. Mater. 2007, 19, 5325. (d) 
Cumpston, B. H.; Ananthavel, S. P.; Barlow, S.; Dyer, D. L.; Ehrlich, J. E.; 
Erskine, L. L.; Heikal, A. A.; Kuebler, S. M. I.; Lee, Y. S.; McCord-Maughon, 
Chapter 1 
 41
D.; Qin, J. Q.; Rockel, H.; Rumi, M.; Wu, X. L.; Marder, S.; R. Perry, J. W. 
Nature. 1999, 398, 51. (e) Kawata, S. H.; Sun, B.; Tanaka, T.; Takada, K. 
Nature. 2001, 412, 697. (f) Denk, W. Proc. Natl. Acad. Sci. (U. S. A.) 1994, 
91, 6629. (g) Kim, H. M.; Jung, C.; Kim, B. R.; Jung, S.-Y.; Hong, J. H.; Ko, 
Y.-G.; Lee, K. J.; Cho, B. R. Angew. Chem. Int. Ed. 2007, 46, 3460. (h) Kim, 
H. M.; Kim, B. R.; Hong, J. H.; Jung, S.-Y.; Park, K. J.; Lee, K. J.; Cho, B. R., 
Angew. Chem. Int. Ed. 2007, 46, 7445. 
26. Jagatap, B. N.; Meath, W. J. J. Opt. Soc. Am. B. 2002, 19, 2673. 
27. He, G. S.; Tan, L-S.; Zheng, Q.; Prasad, P.N. Chem. Rev. 2008, 108, 1245. 
28. (a) Nakano, M.; Kishi, R.; Takebe, A.; Nate, M.; Takahashi, H.; Kubo, T.; 
Kamada, K.; Ohta, K.; Champagne, B.; Botek, E. Comp. Lett. 2007, 3, 333. (b) 
Nakano, M.; Kishi, R.; Ohta, S.; Takahashi, H.; Kubo, T.; Kamada, K.; Ohta, 
K.; Botek, E.; Champagne, B. Phys. Rev. Lett. 2007, 99, 033001. (d) Nakano, 
M.; Minami, T.; Yoneda, K.; Muhammad, S.; Kishi, R.; Shigeta, Y.; Kubo, T.; 
Rougier, L.; Champagne, B.; Kamada, K.; Ohta, K. J. Phys. Chem. Lett. 2011, 
2, 1094. (e) Yoneda, K.; Nakano, M.; Fukui, H.; Minami, T.; Shigeta, Y.; 
Kubo, T.; Botek, E.; Champagne, B. ChemPhysChem. 2011, 12, 1697. 
29. (a) Kamada, K.; Ohta, K.; Kubo, T.; Shimizu, A.; Morita, Y.; Nakasuji, K.; 
Kishi, R.; Ohta, S.; Furukawa, S.; Takahashi, H.; Nakano, M. Angew. Chem. 
Int. Ed. 2007, 46, 3544. (b) Koide, T.; Furukawa, K.; Shinokubo, H.; Shin, 
J.-Y.; Kim, K. S.; Kim, D.-H.; Osuka, A. J. Am. Chem. Soc. 2010, 132, 7246. 
30. (a) Clar, E.; Ironside, C. T. Proc. Chem. Soc. 1958, 150. (b) Clar, E.; Ironside, 
Chapter 1 
 42
C. T.; Zander, M. J. Chem. Soc. 1959, 142. 
31. (a) Halleux, A.; Martin, R. H.; King, G. S. D. Helv. Chim. Acta. 1958, 129, 
1177. (b) Hendel, W.; Khan, Z. H.; Schmidt, W. Tetrahedron. 1986, 42, 1127. 
32. (a) Kübel, C.; Eckhardt, K.; Enkelmann, V.; Wegner, G.; Müllen, K. J. Mater. 
Chem. 2000, 10, 879. (b) Herwig, P.; Kayser, C. W.; Müllen, K.; Spiess, H. 
W. Adv. Mater. 1996, 8, 510. (c) Fechtenkötter, A.; Saalwächter, K.; 
Harbison, M. A.; Müllen, K.; Spiess, H. W. Angew. Chem., Int. Ed. 1999, 38, 
3039. 
33. Feng, X.; Pisula, W.; Ai, M.; Gröper, S.; Rabe, J. P.; Müllen, K. Chem. Mater. 
2008, 20, 1191. 
34. (a) Feng, X.; Pisula, W.; Kudernac, T.; Wu, D.; Zhi, L.; Feyter, S.; Müllen, K. 
J. Am. Chem. Soc., 2009, 131, 4439. (b) Feng, X.; Pisula, W.; Takase, M.; Dou, 
X.; Enkelmann, V.; Wagner, M.; Ding, N.; Müllen, K. Chem. Mater. 2008, 20, 
2872. (c) Treossi, E.; Liscio, A.; Feng, X.; Palermo, V.; Müllen, K.; Samori, P. 
Small. 2009, 5, 112. 
35. Gomberg, M. J. J. Am. Chem. Soc. 1900, 22, 757. 
36. (a) Colle, T. H.; Glaspie, P. S.; Lewis, E. S. J. Org. Chem. 1978, 43, 2722. (b) 
Ziegler, K.; Ewald, L. Liebigs Ann. Chem. 1929, 473, 163. 
37. Muller, E.; Moosmayer, A.; Rieker, A.; Scheffler, K. Tetrahedron Lett. 1967, 
3877. 
38. Ballester, M. Acc. Chem. Res. 1985, 18, 380. 
39. Reid, D.H.; Fraser, M.; Molloy, B.B.; Payne, H.A.S.; Sutherland, R.G. 
Chapter 1 
 43
Tetrahedron Letters. 1961, 15, 530.  
40. Goto, K.; Kubo, T.; Yamamoto, K.; Nakasuji, K.; Sato, K.; Shiomi, D.; Takui, 
T.; Kubota, M.; Kobayashi, T. S.; Yakusi, K.; Ouyang. J. J. Am. Chem. Soc. 
1999, 121, 1619. 
41. Schlenk, W.; Brauns, M. Chem. Ber. 1915, 48, 661. 
42. (a) Kothe, G.; Denkel, K.-H.; Summermann, W. Angew. Chem., Int. Ed. Engl. 
1970, 9, 906. (b) Rajca, A.; Utamapanya, S.; Xu, J. J. Am. Chem. Soc. 1991, 
113, 9235. 
43. Ballester, M.; Pascual, I.; Carreras, C.; Gancedo-Vidal, J. J. Am. Chem. Soc. 
1994, 116, 4205. 
44. (a) Pedersen, B. F. Acta Crystallogr. 1975, B31, 2931. (b) Gali, S.; Miravitlles, 
C.; Solans, X.; Font-altaba, M. Bull. Inst. Cat. Hist. Nat. 1979, 43, 51. 
45. Ohashi, K.; Kubo,T.; Masui, T.; Yamamoto, K.; Nakasuji, K.; Takui, T.; Kai, Y.; 
Murata, I. J. Am. Chem. Soc. 1998, 120, 2018. 
46. (a) Kubo, T.; Sakamoto, M.; Akabane, M.; Fujiwara,Y.; Yamamoto, K.; Akita, 
M.; Inoue, K.; Takui, T.; Nakasuji, K. Angew. Chem., Int. Ed., 2004, 43, 6474. 
(b) Kubo, T. Yamamoto, K. Nakasuji, K.; Takui, T. Tetrahedron Lett., 2001, 42, 
7997. (c) Kubo,T. Sakamoto, M. and Nakasuji, K. Polyhedron. 2005, 24, 2522. 
(d) Shimizu, A.; Uruichi, M.; Yakushi, K.; Matsuzaki, H.; Okamoto, Hiroshi.; 
Nakano, M.; Hirao,Y.; Matsumoto, K.; Kurata, H.; Kubo, T. Angew. Chem. Int. 
Ed. 2009, 48, 5482. 
47. Nakano, M.; Kishi, R.; Ohta, S.; Takahashi, H.; Kubo, T.; Kamada, K.; Ohta, 
Chapter 1 
 44
K.; Botek, E.; Champagne, B. Phys. Rev. Lett., 2007, 99, 033001. 
48. Nakano, M.; Kishi, R.; Takebe, A.; Nate, M.; Takahashi, H.; Kubo, T.; 
Kamada, K.; Ohta, K.; Champagne, B.; Botek, E. Comput. Lett., 2007, 3, 333. 
49. Sun, Z.; Huang, K.-W.; Wu, J. J. Am. Chem. Soc. 2011, 133,11896. 
50. Konishi, A.; Hirao, Y.; Nakano, M.; Shimizu, A.; Botek, E.; Champagne, B.; 
Shiomi, D.; Sato, K.; Takui, T.; Matsumoto, K.; Kubo, T. J. Am. Chem. Soc., 
2010, 132, 11021. 
51. Zhu, X.; Tsuji, H.; Nakabayashi, K.; Ohkoshi, S.-I.; Nakamura, E. J. Am. 
Chem. Soc. 2011, 133, 16342. 
52. Takahashi, T.; Matsuoka, K.-I.; Takimiya, K.; Otsubo, T.; Aso, Y. J. Am. Chem. 
Soc. 2005, 127, 8928. 
53. Chesterfield, R. J.; Newman, C. R.; Pappenfus, T. M.; Ewbank, P. C.; Haukaas, 
M. H.; Mann, K. R.; Miller, L. L.; Frisbie, C. D. Adv. Mater., 2003, 15, 1278. 
54. (a) Albota, M.; Beljonne, D.; Brédas, J. L.; Ehrlich, J. E.; Fu, J.Y.; Heikal, A. 
A.; Hess, S.; Kogej, E. T.; Levin, M. D.; Marder, S. R.; McCord-Maughon, D.; 
Perry, J. W.; Rckel, H.; Rumi, M.; Subramaniam, G. Webb, W. W.; Wu, X.-L. 
Xu, C. Science. 1998, 281, 1653. (b) Makarov, N. S.; Drobizhev, M.; Rebane, 
A. Opt. Express. 2008, 16, 4029. 
55. Beverina, L.; Fu, J.; Leclercq, A.; Zojer, E.; Pacher, P.; Barlow, S.; Van 
Stryland, E. W.; Hagan, D. J.; Brédas, J. L.; Marder, S. R.; J. Am. Chem. Soc. 
2005, 127, 7282. 
56. Mongin, O.; Porrs, L.; Charlot, M.; Katan, C.; Blanchard-Desce, M.; Chem. 
Chapter 1 
 45
Eur. J. 2007, 13, 1481. 
57. Beljonne, D.; Wenseleers, W.; Zojer, E.; Shuai, Z. G.; Vogel, H.; Pond, S. J. 
K.; Perry, J. W.; Marder, S. R.; Brédas, J. L. Adv. Funct. Mater. 2002, 12, 631. 
58. Cho, B. R.; Son, K. H.; Lee, S. H.; Song, Y. S.; Lee, Y. K.; Jeon, S. J.; Choi, J. 
H.; Lee, H.; Cho, M. J. Am. Chem. Soc. 2001, 123, 10039. 
59. Lin, T. C.; He, G. S.; Prasad, P. N.; Tan, L. S. J. Mater. Chem. 2004, 14, 982. 
60. Drobizhev, M.; Stepanenko, Y.; Dzenis, Y.; Karotki, A.; Rebane, A.; Taylor, P. 
N.; Anderson, H. L. J. Phys. Chem. B. 2005, 109, 7223. 
61. Ahn, T. K.; Kim, K. S.; Kim, D. Y.; Noh, S. B.; Aratani, N.; Ikeda, C.; Osuka, 
A.; Kim, D. J. Am. Chem. Soc. 2006, 128, 1700. 
62 (a) Cho, H. S.; Song, J. K.; Ha, J.-H.; Cho, S.; Yoshida, N.; Osuka, A.; Kim, D. 
J. Phys. Chem. A. 2003, 107, 1897. (b) Ikeda, C.; Yoon, Z. S.; Park, M.; Inoue, 
H.; Kim, D.; Osuka, A. J. Am. Chem. Soc. 2005, 127, 534. (c) Yoshida, N.; 
Ishizuka, T.; Osuka, A.; Jeong, D. H.; Cho, H. S.; Kim, D.; Matsuzaki, Y.; 
Nogami, A.; Tanaka, K.; Chem. Eur. J. 2003, 9, 58. (d) Tsuda, A.; Osuka, A. 
Science. 2001, 293, 79. (e) Inokuma, Y.; Ono, N.; Uno, H.; Kim, D.Y.; Noh, S. 
B.; Kim, D.; Osuka, A. Chem. Commun. 2005, 3782. 
63. Kim, K. S.; Lim, J. M.; Osuka, A.; Kim, D. J. Photochem. Photobio. C: 
Photochem. Rev. 2008, 9, 13. 
64. (a) Spano, F. C. Mukamel, S. J. Chem. Phys., 1991, 95, 7526. (b) Spano, F. C.; 
Mukamel, S. Phys. Rev. A: At., Mol., Opt. Phys., 1989, 40, 5783. 
65. (a) Collini, E.; Ferrante, C.; Bozio, R. J. Phys. Chem. B, 2005, 109, 2. (b) 
Chapter 1 
 46
Collini, E.; Ferrante, C.; Bozio, R.; Lodi, A.; Ponterini, G. J. Mater. Chem. 
2006, 16, 1573. (c) Drobizhev, M.; Stepanenko, Y. Rebane, A.; Wilson, C. J.; 
Screen, T. E. O.; Anderson, H. J. Am. Chem. Soc. 2006, 128, 12432. 
66. (a) Kim, H. M.; Cho, B. R. Chem. Commun. 2009, 153. (b) Pawlicki, M.; 
Collins, H. A.; Denning, R. G.; Anderson, H. L. Angew. Chem. Int. Ed. 2009, 
48, 3244. 
67. Terenziani, F.; Katan, C.; Badaeva, E.; Tretiak, S.; Blanchard-Desce, M. Adv. 
Mater. 2008, 20, 4641. 
68. (a) Nakano, M.; Kishi, R.; Nitta, T.; Kubo, T.; Nakasuji, K.; Kamada, K.; Ohta,    
K.; Champagne, B.; Botek, E.; Yamaguchi, K. J. Phys. Chem. A. 2005, 109,  
885. (b) Nakano, M.; Kubo, T.; Kamada, K.; Ohta, K.; Kishi, R.; Ohta, S.; 
Nakagawa, N.; Takahashi, H.; Furukawa, S.; Morita, Y.; Nakasuji, K.; 











Chapter 2: Octupolar Polycyclic Aromatic Hydrocarbons as 
New Two-Photon Absorption Chromophores: Synthesis and 
Application for Optical Power Limiting 
 
2.1 Introduction 
Two-photon absorption (TPA) is a nonlinear optical process in which two 
identical or different frequencies photons are simultaneously absorbed to excite a 
molecule from its ground state to a higher energy electronic state. This 
phenomenon was originally predicted by Maria Göppert-Mayer in 1931,[1] and 
was first demonstrarted experimentally in 1961.[2] Since then, the development of 
two-photon absorption materials has been growing very fast because TPA 
molecules are of importance for many applications. These include 3D 
microfabrication,[3-5] multiphoton microscopy,[6-8] 3D optical data storage,[9-11] 
photodynamic therapy,[12-14] and bioimaging[15-17] owning to the distinguished 
advantages of transparency of the materials at low input laser intensity and high 
spatial resolution over that of linear optical process (i.e., one photon absorption). 
TPA materials also offer promising potential for optical power limiting.[18-20] In the 
TPA process the aborption increases with the square of the light intensity, which 
offers the possibility of maintaining high transparency in ambient light and 
achieving efficient and immediate protection of expensive or sensitive equipment 
against the high intensity delivered by pulsed lasers. For practical applications, it 
is important to design materials with large TPA cross section (δmax) or large TPA 
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cross section per molecular weight (δmax/MW).[21] The TPA chromophores with 
δmax/MW ≥ 1.0 have been found to be useful for bioimaging.[8, 22,23] 
Encouraged by these significative applicatons, a variety of donor– 
bridge–acceptor (D–π–A) dipoles, donor–bridge–donor (D–π–D) quadrupoles, 
octupoles, paracyclophanes, and porphyrin derivatives have been developed to 
achieve large TPA cross-sections.[21] In contrast to the extensive investigation on 
the structure-TPA relationship of the dipolar and quadrupolar chromophores, 
only limited works have dealt with octupolar TPA chromophores. Octupolar 
molecules with significant TPA cross sections was first reported by Cho et al..[24] 
The maximum TPA cross-section value of tris(styryl)benzene derivatives 
(Figure 2.1a) increases as the donor strength and conjugation length increase 
(ranging from 197 to 2620 GM).[24, 25] It was also found that the three-arm 
octupolar structure showed significant improvement on the TPA response in 
comparison to the singly or doubly branched counterparts.[21, 26-27] Other 
octupolar chromophores derived from a triphenylamine core exhibited similar 
large TPA cross sections (up to 1080 GM).[28, 29] Furthermore, octupolar 
molecules are inherently more transparent and isotropic, and exhibit enhanced 
nonlinearities on the coupling of excited states in comparison to conventional 
dipolar non-linear optical chromophores. The important role of π-conjugated 
core on the TPA properties was demonstrated in many quadrupolar and 
octupolar chromophores and it has been revealed that TPA cross section 
increased with the increase of the planarity and rigidity of π-conjugated core, the 
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length of conjugation system, and the strength of donor-acceptor interaction. On 

















Figure 2.1. (a) Representive octupolar TPA molecules based on benzene core; (b) 
structure of hexa-peri-hexabenzocoronene (HBC); and (c) octupolar HBC 
chromophores with a “push-pull” structure. “D” stands for donor and “A” stands 
for acceptor. 
 
and rigid polycyclic aromatic hydrocarbon (PAH) molecule as core to build up 
new octupolar TPA chromophores. Among various PAH molecules, 
hexa-peri-hexabenzocoronene (HBC) (Figure 2.1b) is a very interesting 
candidate because it possesses a large number of delocalized π-electrons and 
rigid planar geometry and it has shown strong intermolecular π-π interactions in 
solution and solid state.[30] The HBC molecule also has a D6h symmetry similar 
to benzene ring and can be regarded as a “superbanezene”. Thus selective 
attachment of certain electron-donating groups (D) and electron-withdrawing 
groups (A) onto the peripheries of the HBC core would result in three-fold 
symmetric “push-pull” type octupolar chromophores (Figure 2.1c) which can 
likely show interesting TPA properties. However, up to now, there was no report 
Chapter 2 
 50










HBC-NO2: A = NO2
HBC-CN: A = CN






Figure 2.2. Structures of HBC-NO2, HBC-CN, and HBC-CF3 
 
Three octupolar HBC chromophores, HBC-NO2, HBC-CN, and HBC-CF3, 
with intramolecular “push-pull” structure were designed and synthesized. The 
electron-donation tri-butoxy units attached to the three outer benzenoid rings 
serve as a strong electron-donating groups and the –NO2, –CN and –CF3 
attached onto the HBC core through phenylene vinyl spacer serve as strong 
electron-withdrawing groups. The synthesis of this type of HBC chromophores 
is challenging because of a couple of reasons: (1) synthesis of HBC molecules 
required oxidative cyclodehydrogenation from the hexaphenylbenzene (HPB) 
precursors by using oxidant and Lewis acid (e.g. FeCl3 or Cu(OTf)2-AlCl3 
system) and such ring cyclization reaction usually does not work if 
electron-donors (e.g. arylamine, mono-alkoxy) or electron acceptors (e.g. –CN 
or –COOR) are directly attached to the HPB precursors;[30] (2) although there 
are many examples of D6h symmetric HBC molecules have been prepared, the 
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synthesis of C3 symmetric HPB precursors and the subsequent D3h symmetric 
HBC molecules is not an easy task mainly due to separation problems.[31] A 
series of new octupolar HBC–based TPA chromophores (HBC-NO2, HBC-CN, 
and HBC-CF3) were synthesized and the effect of the different substituents on 
the HBC core was discussed in detail by photophysical and TPA cross sections 
measurements. Their potential as an optical power limiting was also discussed. 
 
2.2 Results and Discussions 
2.2.1 Synthesis 
Our new strategy towards these new HBC molecules is to first synthesize 
the HBC core 2-8 followed by further functionalizations (Scheme 2.1). First of 
all, an asymmetrically substituted 3’,4’,5’-tris(butan-1-yloxy)-4-methyl 
ethynylbenzoate (2-3) was prepared by Hagihara-Sonogashira coupling between 
1,2,3-tributoxy-5- iodobenzene (2-1)[32] and methyl 4-ethynylbenzoate (2-2)[33] 
in 80% yield. Cyclotrimerization of 2-3 in the presence of catalytic amount of 
Co2(CO)8 provided two hexaphenylbenzene isomers 2-4 and 2-5 in 25% and 
53% yield, respectively. It is worth noting that the presence of three polar ester 
groups is essential to provide sufficient difference in polarity between these two 
isomers so that they can be seperated by routine column chromatography. The 
C3 symmetric HPB derivative 2-4 was then reduced by LiAlH4 to generate 
alcohol 2-6, which was subsequently converted into compound 2-7 by 
chlorination with thionyl chloride. The key step of the oxidative 
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cyclodehydrogenation of 2-7 was successfully accomplished by treatment with 
FeCl3 in nitromethane and dichloromethane (DCM) and the desired 
C3-symmetric HBC building block 2-8 was obtained in 80% yield. The 































































HBC-NO2: A = NO2, 72%
HBC-CN: A = CN, 75%











































Scheme 2.1. Synthesis of HBC-NO2, HBC-CN and HBC-CF3: (a) 
Pd(PPh3)2Cl2, Et3N, CuI, THF, 60 ºC, 24 h, 80%; (b) Co2(CO)8, dioxane, reflux, 
24h (2-4, 25% yield; 2-5, 53% yield); (c) LiAlH4, THF, 92%; (d) SOCl2, 
pyridine, DCM, 88%; (e) FeCl3, CH3NO2, DCM, 80%; (f) P(OEt)3, reflux, 24 h, 




triphosphate by heating with triethylphosphite and this gave compound 2-9 in 
81% yield. The target octupolar HBC chromophores HBC-NO2, HBC-CN and 
HBC-CF3 were then synthesized in good yields by three-fold Wittig-Horner 
reactions between 2-9 and corresponding benzaldehyde derivatives 2-10. All the 
intermediate compounds and the final products are well characterized by NMR 
spectroscopy and high resolution mass spectrometry. Our synthetic strategy 
overcame the difficulty on the cyclodehydrogenation of precursors carrying 
donor/acceptors by a postsynthesis approach and resolved the separation 
problem by introducing polar ester functional groups in the beginning. 
 
2.2.2 Photophysical and two photon absorption properties 
The steady state absorption and emission spectra of these new HBC 
chromophores were recorded in different solvents (Figure 2.3). In DCM, an 
intense absorption band in the UV-visible region with absorption maximum at 
443, 412 and 404 nm was observed for HBC-NO2, HBC-CN and HBC-CF3, 
respectively, indicating that HBC-NO2 has the largest π-conjugated system. The 
absorption spectra of HBC-NO2 also showed obvious solvent effect, i.e., the 
absorption band in polar DCM solvent was red shifted with about 10 nm 
compared with that in non-polar toluene. Such solvatochromism effect likely 
can be accounted for a partially charge separated state existed in HBC-NO2 with 
larger dipole moment in more polar solvents. On the other hand, the absorption 
spectra of compounds HBC-CN and HBC-CF3 did not show obvious solvent 
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dependence, indicting a relatively weaker intramolecular charge transfer in these 
two molecules. 






(a)  HBC-NO2 in DCM
 HBC-CN  in DCM


































































Figure 2.3. (a) UV-vis absorption spectrum of HBC-NO2, HBC-CN and 
HBC-CF3 in DCM at the concentration of 10-5 M; (b), (c) and (d) correspond to 
the absorption spectra of HBC-NO2, HBC-CN and HBC-CF3 repectively in 
four different solvents at the concentration of 10-5 M. 
 In consistence with the absorption spectra studies, the photoluminescence 
(PL) spectra of HBC-NO2 also showed obvious solvatochromic shift (Figure 
2.4), i.e., the emission band in THF was broadened and red shifted for about 59 
nm in comparison to that in toluene. This can be explained by the classical 
photo-induced intramolecular electron transfer mechanism in which the 
molecules at the excited electronic state have larger dipole moment than that at 
ground state and the charge separated state can be stabilized by polar solvent 
upon solvation relaxation process. Such intramolecular charge transfer was 
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favored in more polar solvents and would result in enhancing two-photon 
absorption response and decrease in photoluminescence quantum yield (Ф).[34,35] 
In fact, the Ф value of HBC-NO2 measured in THF was as low as 3% (Table 
2.1). Besides the reason mentioned above, the observed low quantum yield was 
also due to a partial quenching associated with the nitro group. Compounds 
HBC-CN and HBC-CF3 exhibited well resolved emission bands with maximum 
at 514 and 510 nm, respectively. However, there was no obvious spectral shift 
and band shape change in different solutions (Figure 2.4), indicating that there is 
stronger intramolecular charge transfer in HBC-NO2. 
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Figure 2.4. (a) Photoluminescence spectra of HBC-NO2 in toluene and THF 
(10-6 M); (b) and (c) are corresponding to steady state photoluminescence 
spectra of HBC-CN and HBC-CF3 respectively, in different solvents at the 
concentration of 7.0 ×10-7 M. (d) Photoluminescence spectra of HBC-NO2 (10-6 




Table 2.1. Photophysical data of the octupolar HBC chromophores. 








HBC-CF3 THF 10-4 408 517 740 0.05 1149 0.88 0.04 
HBC-CF3 THF 10-5 403 513 740 0.09 955 0.73 0.06 
HBC-CF3 Toluene 10-4 409 518 740 0.03 1722 1.32 0.04 
HBC-CF3 Toluene 10-5 404 514 740 0.10 1083 0.83 0.08 
HBC-CN THF 10-4 422 521 750 0.04 2005 1.71 0.07 
HBC-CN THF 10-5 411 517 750 0.09 1169 1.00 0.09 
HBC-CN Toluene 10-4 423 522 750 0.04 1968 1.68 0.07 
HBC-CN Toluene 10-5 412 518 750 0.08 1366 1.16 0.09 
HBC-NO2 THF 10-4 445 600 760 0.03 16718 13.55 0.41 
HBC-NO2 THF 10-5 439 596 750 0.03 10494 8.51 0.26 
HBC-NO2 Toluene 10-4 437 537 760 0.05 7036 5.70 0.29 
HBC-NO2 Toluene 10-5 434 526 750 0.08 4845 3.93 0.31 
[a] The unit is mol/L. [b] absorption maximum. [c] emmission maximum. [d] 
λmax of the two-photon absorption spectra in nm. [e] Fluorescence quantum yield, 
error: ±10%. [f] Two-photon absorptivity in 10-50 cm4 s per photon (GM), error: 
±15%. [g] The molecular weight (MW) was calculated by assuming that OR = 
OMe,[25] the unit is GM. 
 
The TPA cross section was measured by two-photon excited fluorescence 
(TPEF) technique with excitation wavelengths between 740 and 840 nm, and the 
absolute TPA cross sections and the TPEF spectra of fluorescein were used as 
calibration standards. These measurements were conducted in Professor 
Qinghua Xu’s lab in NUS. The output intensity of two-photon excited 
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fluorescence was linearly dependent on the square of the input laser intensity, 
thereby confirming the occurrence of nonlinear two-photon absorption process 
(Figure 2.5).  








































Figure 2.5. Dependence of output fluorescence intensity (Iout) of HBC-NO2, 
HBC-CN and HBC-CF3 on the input laser power (Iin) at 800 nm (in THF 
solution at the concentration of 5 × 10-5 M). 
 
The two photon excitation spectra recorded in different solvents and at 
various concentrations are shown in Figure 2.6 and the data are collected in 
Table 2.1. In general, each of chromophores exhibited large two-photon cross 
sections. In particular, the δmax values of HBC-NO2 were obviously larger than 
that of HBC-CN and HBC-CF3 under the same measuring conditions. For 
example, HBC-NO2 has shown bright two-photon excited emission with an 
extremely high δmax value of 16718 GM (at 760 nm) in THF at a concentration 
of 1x10-4 M, which is about eight and fifteen times of that for HBC-CN (2005 
GM at 750 nm) and HBC-CF3 (1149 GM at 740 nm), respectively (Figure 2.6a). 
It was worth noting that there was only very limited number of TPA 
chromophores (e.g. porphyrin tapes and extended squaraine dyes)[36] have 
shown such high TPA cross section values. Such excellent TPA properties must 
be associated to the rigid and largely delocalized HBC core and strong  
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Figure 2.6. Two-photon excitation spectra for HBC-NO2, HBC-CN and 
HBC-CF3: (a) and (b) are at concertration of 10-4 M in THF and toluene, 
respectively; (c) Concertration dependence of TPA cross section for HBC-NO2 
in THF solution. 
 
intramolecular charge transfer in the HBC-NO2 molecule. The effect of solvents 
on the TPA properties was also investigated. The two-photon excitation spectra 
of HBC-CN and HBC-CF3 recorded in toluene (Figure 2.6b) did not show 
obvious difference from those recorded in THF (Figure 2.6a). However, the 
HBC-NO2 exhibited relatively smaller TPA cross section values in non-polar 
solvent such as toluene (Figure 2.6b) than that in polar THF. That means, the 
solvent polarity has a positive influence on the TPA cross section values of 
HBC-NO2 presumably due to larger intramolecular charge-transfer character in 
polar solvents than that in non-polar solvents. Moreover, we also observed an 
obvious concentration dependence of the two-photon excitation spectra for all of 
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these HBC TPA chromophores. For example, with the increase of concentration, 
the TPA cross section values of the HBC-NO2 in THF displayed significant 
increase (Figure 2.6c) and same tendency was also observed for other two 
chromophores (Figure 2.7). Given that the large and planar HBC molecules have  
a high tendency to aggregate in solution mainly via π-π interaction as previously 
reported,[37] such a concentration dependence must be related to the aggregation  



















 HBC-CN, 1*10-4 M in THF
 HBC-CN, 1*10-5 M in THF
 HBC-CN, 1*10-6 M in THF













 HBC-CN, 1*10-4 M in Toluene
 HBC-CN, 1*10-5 M in Toluene
 HBC-CN, 1*10-6 M in Toluene














-4 M in THF
 HBC-CF3, 1*10
-5 M in THF
 HBC-CF3, 1*10
-6 M in THF














-4 M in Toluene
 HBC-CF3, 1*10
-5 M in Toluene
 HBC-CF3, 1*10
-6 M in Toluene
 
Figure 2.7. Concentration dependence of TPA cross sections in THF and toluene: 
(a) and (b) correspond to HBC-CN in THF and toluene respectively; (c) and (d) 
correspond to HBC-CF3 in THF and toluene respectively. 
 
of our HBC chromophores at higher concentrations. To confirm this assumption, 
concentration-dependant 1H NMR spectra of HBC-NO2 were recorded in CDCl3 
at room temperature (Figure 2.8a). With the increase of the concentration, the  
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Figure 2.8. Concentration dependent 1H NMR spectra (CDCl3, 300 MHz, RT) 
for HBC-NO2 (a), HBC-CN (b) and HBC-CF3 (a), respectively, at the 
concentration of (1) 3 × 10-3 M, (2) 6 × 10-3 M and (3) 12 × 10-3 M. 
 
resonance for the protons on the core of HBC-NO2 gradually shifted to high 
field due to shielding effect of the neighboring HBC core in the aggregate. 
Similar behavior was also observed for HBC-CN and HBC-CF3 (Figure 2.8b 
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and c). The red shift of the absorption and emission spectra at higher 
concentrations also confirm the formation of aggregates and intermolecular 
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Figure 2.9. Concentration-dependent UV-vis absorption spectra (a-c) and 
normalized fluorescence spectra (d-f) of HBC-NO2, HBC-CN and HBC-CF3. 
The fluorescence spectra were recorded by excitation at the corresponding 
absorption maximum. 
 
aggregation can be driven by strong intermolecular π-π interaction as well as 
dipole-dipole interactions in our octupolar molecules. Large enhancements of 
nonlinear optical response in molecular aggregates have been theoretically 
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predicted by McTae et al.. and Spano et al..[38,39] Later on, Paninelli et al. 
predicted that the large TPA cross sections of quadrupolar chromophores could 
be further amplified by orders of magnitude as a result of aggregation.[40] Such 
enhancement can be explained by the formation of bound biexciton states in 
aggregates of centrosymmetric molecules as a consequence of attractive 
exciton-exciton interactions. Some chromophores such as porphyrins and 
isocyanines have exhibited aggregation-enhanced TPA response in the 
J-aggregate states which can be explained by a similar theory.[41] The observed 
increase of TPA cross sections in our octupolar HBC chromophores at higher 
concentrations must be ascribed to the strong intermolecular interactions at both 
ground and excited states. 
 
2.2.3 Application for optical power limiting 
The δmax/MW values measured for HBC-NO2, HBC-CN and HBC-CF3 in 1 
x 10-4 M THF solution are 13.55, 1.71, and 0.88, respectively (Table 2.1), which 
is remarkable among all TPA chromophores. The large TPA cross sections δmax 
and δmax/MW values, the good solubility and the high stability of these new TPA 
chromophores indicated that could be ideal candidates for optical power limiting 
applications. A lot of efforts have been devoted to developing fast response 
optical-limiting materials with low limiting thresholds.[18-20] Candidate 
molecules for optical power limitation should exhibit high solubility, high linear 
transmission at low intensities together with very large multiphoton 
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absorptivities at the intensities delivered by high power pulsed lasers. Generally, 
the potential optical limiting materials such as carbon nanotubes, 
phthalocyanines, porphyrins, and their derivatives possess an inherently special 
structure, for example, an extensively delocalized π-electron system.[21d] Since 
our octupolar HBC-based TPA chromophores possess a largely delocalized 
system and showed strong TPA response, they are expected to show interesting 
optical power limiting properties. We then investigated the optical limiting 
response of these TPA chromophores in THF to femtosecond laser pulses at 800 
nm using a Z-Scan method. The open-aperture Z-scan curves were obtained with 
150 fs pulses, as shown in Figure 2.10a. The best fitting to the transmittance 
peak and sample position, gave parameters of TPA coefficient β = 0.764 cm/GW,  


































Figure 2.10. Normalized open-apeture Z-scan transmittance curves obtained 
using femtosecond laser pulse at a pulse energy of 21.3 GW/cm2 in THF 
solution (5 mM); (b) The optical limiting response of HBC-NO2, HBC-CN and 
HBC-CF3 in THF solution measured with a 150 fs pulse at a wavelength of 800 
nm. 
 
0.543 cm/GW and 0.268 cm/GW for HBC-NO2, HBC-CN and HBC-CF3, 
respectively. The TPA cross sections of 6304 GM, 4470 GM and 2210 GM were 
then calculated for compounds HBC-NO2, HBC-CN and HBC-CF3, 
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respectively, at 800 nm. The optical limiting behavior of these new octupolar 
chromophores in solutions was showed in Figure 2.10b. At low input energies 
(below 1 GM/cm2), more than 95% of the light was transmitted, but as the input 
energy was increased, the transmittance deviated from linearity and decreased 
dramatically, suggesting the occurrence of optical limiting. The femtosecond 
limiting thresholds of 22.8 GW/cm2, 55.0 GW/cm2, and 100.6 GW/cm2 were 
obtained for HBC-NO2, HBC-CN and HBC-CF3, respectively. This 
performance is superior to that of many TPA chromophores and comparable to 
that of three-photon and multiphoton absorption based optical limiting.[42] It is 
worth noting that the optical limiting ability decreases as the order of HBC-NO2 
> HBC-CN > HBC-CF3, which is in agreement with the order of their TPA 
cross sections. The prominent optical limiting properties as well as good 
processability and stability of these new chromophores qualify them for 
practical optical device applications. 
 
2.3 Conclusions 
In summary, a series of novel TPA chromophores based on octupolar HBC 
molecules were prepared by a new synthetic strategy. The novelty and 
significance of this work include: (1) large-sized rigid polycyclic aromatic 
hydrocarbons with octuapolar character were used as TPA chromophores for the 
first time. In fact, these new chromophores showed large TPA response and 
promising applications for optical power limiting. Noteworthy is that the 
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HBC-NO2 exhibited extremely high TPA cross sections as well as excellent 
optical limiting behavior. Our concept in principle can be applied for the design of 
new TPA chromophores by using PAH as building blocks in the future; (2) the 
synthesis of these new PAH-based octupolar chromophores is actually very 
challenging and in our work we have successfully overcome several problems by 
careful design on the synthetic route; (3) for the first time, we observed the 
aggregation-enhanced TPA response from octupolar chromophores, although there 
are plenty of works to do to further understand this phenomenon in the future. 
 
2.4 Experimental Section 
2.4.1 General Experimental Methods 
All reagents and starting materials were obtained from commercial suppliers 
and used without further purification. Anhydrous tetrahydrofuran and 
dichloromethane was distilled under a nitrogen atmosphere over sodium and 
calcium hydride, respectively. Column chromatography was performed on silica 
gel 60 (Merck 40-60 nm, 230-400 mesh). All NMR spectra were recorded on the 
Bruker DPX300 or AMX500 spectrometer. All chemical shifts are quoted in 
ppm, relative to tetramethylsilane, using the residual solvent peak as a reference 
standard. MS were recorded on Finnigan TSQ 7000 triple stage quadrupole mass 
spectrometer. MALDI-TOF mass spectra were measured on a Bruker Autoflex 
MALDI-TOF instrument using TCNQ as a matrix. High resolution mass spectra 
were recorded on a Finnigan MAT95XL-T with FAB ionization source or 
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recorded on Finnigan MAT 95 × P spectrometer. UV-vis absorption and 
fluorescence spectra were recorded on a Shimadzu UV-1700 spectrophotometer 
and a RF- 5301 fluorometer, respectively. 
 
2.4.2 Two-photon excitation fluorescence measurements 
  The excitation source for the two-photon excitation fluorescence 
measurement was a Spectra Physics femtosecond Ti:sapphire oscillator system 
(Tsunami). The output laser pulses with a central wavelength from 740-800 nm 
were used as the two-photon excitation source. The average output energy was 
200 mW. The samples were excited by directing a tightly focused laser beam 
onto the sample. The emission from the sample was collected at a 90o angle by a 
pair of lenses and an optical fiber and directed to the spectrometer, which was a 
monochromator (Acton, Spectra Pro 2300i) coupled CCD (Princeton 
Instruments, Pixis 100B) system. A short pass filter with a cut-off wavelength at 
700 nm was placed before the spectrometer to minimize the intensity of 
pumping light scattering. Fluorescein water solution (pH = 11) was used as 
reference. 
 
2.4.3. Z-scan and optical limiting experiments 
Nonlinear optical properties were characterized by using a femtosecond 
open-aperture Z-scan experiment. The excitation source is a Spectral- Physics 
Ti:sapphire amplifier laser system. The laser output has a central wavelength of 
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800 nm and pulse duration of ~150 fs at a repetition rate of 1 kHz. The laser 
pulses were focused onto the sample contained in a 1 mm path length quartz 
cuvette using a lens with a focal length of 15 cm, which give a focal spot size of 
~30 mm radius. In a Z-scan measurement, the transmittance of the sample was 
measured as the sample moved toward and away from the beam focus. The Z-scan 
experimental setup was tested by measuring the nonlinear absorption coefficient 
of Rhodamine B methanol solution.  
 
2.4.4. Material Synthesis and Characterization Data 
Synthesis of 3’,4’,5’-tris(butan-1-yloxy)-4-methyl ethynylbenzoate 
compound 2-3: To an oven-dried round-bottom flask were added 3,4,5 – tris 
(butan–1–yloxy) –1–iodobenzene(2-1)[1] (7.18 g, 17.0 mmol), bis(triphenyl 
phosphine)palladium(II) dichloride (225 mg, 0.5 mmol), copper (I) iodide (190 
mg, 1.0 mmol), methyl 4-ethynylbenzoate (2-2)[2] (3.0 g, 18.8 mmol), dry 
THF(200 mL), and diisopropylethylamine (14 mL) under nitrogen atmosphere. 
The mixture were heated at 60 °C for 24 h to afford an orange solid. The 
reaction was quenched with water (20 mL). The organic layer was diluted with 
DCM (200 mL) and washed with a saturated solution of NaHCO3 (3 × 100 mL) 
and then brine (3 × 100 mL). The combined aqueous phases were extracted with 
dichloromethane (3 ×100 mL). The combined organic extracts were dried over 
anhydrous NaSO4 and filtered, and the solvent was removed in vacuo. The crude 
product was then purified by column chromatography (silica gel, DCM/Hexane 
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=  6 : 4 ) to afforded the desired product (7.3 g, 80%) as a light orange solid. 1H 
NMR (CDCl3, 300 MHz): δ 8.01 (d, J = 8.5 Hz, 2H, Ar), 7.57 (d, 2H, J = 8.5 Hz, 
Ar), 6.75 (s, 2H, Ar), 4.0 (t, 6H, J = 6.5 Hz, 3 × OCH2), 3.93 (s, 3H, OCH3), 
1.71 –1.83 (m, 6H, 3 × CH2), 1.48 –1.56 (m, 6H, 3 × CH2), 0.94 – 1.01 (m, 9H, 
3 × CH3); 13C NMR (CDCl3, 75 MHz): δ 166.57, 153.08, 139.57, 131.38, 
129.50, 129.31, 128.13, 117.02, 110.31, 92.85, 87.42, 73.18, 68.88, 52.20, 31.36, 
32.32, 19.25, 13.81; MS (EI, m/z): caldc for C28H36O5, 452.3; found, 452.3; 
HRMS (EI, m/z): calculated for C28H36O5, 452.2563; found, 452.2569 (error = 
+1.33 ppm). 
Synthesis of hexaphenylbenzene 2-4 and 2-5: In a sealed tube flask, 2-3 (7.2 g, 
15.9 mmol), Co2(CO)8 ( 272 mg, 0.80 mmol, 5.0 mol%), and dry 1,4-dioxane 
(125 mL) were placed under nitrogen atmosphere. The mixture was degassed 
and heated at 120 °C for 24 h. The resulting dark brown mixture was filtered off 
and the solvent was removed under reduced pressure. The residue was purified 
by column chromatography (silica gel, n-hexane/acetone = 15:1) afforded 2-4 
(1.8 g, 25.0%) and its isomer 2-5 (3.8 g, 53%) both as pale yellow solid. 2-4: 1H 
NMR (CDCl3, 300 MHz): δ 7.57 (d, J = 7.4 Hz, 6H, Ar), 6.91 (d, J = 7.5 Hz, 6H, 
Ar), 5.91 (s, 6H, Ar), 3.75 (s, 9H, OCH3), 3.72 (t, 6H, J = 6.4 Hz, 3 × OCH2), 
3.37 (t, 12H, J = 6.3 Hz, 6 × OCH2), 1.21 – 1.53 (m, 36H, 18 × CH2), 0.77 – 
0.86 (m, 27H, 9 × CH3); 13C NMR (CDCl3, 75 MHz): δ 166.47, 151.71, 145.77, 
140.31, 139.26, 136.55, 133.92, 130.85, 128.07, 127.01, 111.31, 72.60, 68.62, 
51.57, 31.87, 30.82, 18.89, 18.82, 13.63, 13.38; HRMS (FAB+): calcd for 
Chapter 2 
 69
C84H108O15, 1356.7688; found, 1356.7680 (error = -0.59 ppm). 
2-5: 1H NMR (CDCl3, 300 MHz): δ 7.60 (d, J = 8.4 Hz, 2H, Ar), 7.56 (d, J = 8.3 
Hz, 4H, Ar), 6.95 (d, J = 8.4 Hz, 2H, Ar), 6.88 (dd, 3J = 8.4 Hz, 4J = 3.6 Hz, 4H, 
Ar), 6.01 (s, 2H, Ar), 5.99 (s, 2H, Ar), 5.92 (s, 2H, Ar),3.78 (s, 9H, OCH3), 3.70 
– 3.75 (m, 6H, 3 × OCH2), 3.37 – 3.46 (m, 12H, 6 × OCH2), 1.24 – 1.59 (m, 
36H, 18 × CH2), 0.80 – 0.90 (m, 27H, 9 × CH3); 13C NMR (CDCl3, 75 MHz): δ 
166.65, 166.60, 151.94, 151.85, 145.94, 145.42, 145.36, 140.72, 140.27, 139.94, 
139.82, 139.54, 139.07, 136.81, 136.55, 134.57, 134.45, 133.91, 131.10, 130.95, 
128.24, 128.19, 127.35, 127.16, 111.54, 110.93, 77.43, 77.00, 76.58, 72.84, 
72.76, 68.84, 68.79, 51.77, 51.69, 32.08, 32.01, 31.12, 30.98, 19.03, 18.95, 
13.74, 13.60, 13.51; HRMS (FAB+): calcd  for C84H108O15, 1356.7688; found, 
1356.7676 (error = -0.88 ppm).  
Synthesis of compound 2-6: Under a nitrogen atmosphere, a solution of 2-4 (1.8 
g, 1.33 mmol ) in dry THF (20 mL) was added dropwise to a suspension of 
lithium aluminium hydride (0.61 g, 16.0 mmol ) in dry THF (20 mL). The mixture 
was gently heated to 40 oC for 2 h. After the reaction mixture was cooled by ice 
water, water was added slowly untill no LiAlH4 remained. Then, a small amount 
of 20% sulfuric acid was added to dissolve the precipitate, and extracted with 
DCM (50 mL). The organic layer was washed with water, dried over sodium 
sulfate, and the solvent was removed. The residue was purified by column 
chromatography (silica gel, chloroform) to give compound 2-6 as a white 
solid(1.52, 92%). 1H NMR (CDCl3, 500 MHz) δ 6.89 – 6.83 (m, 12H, Ar), 5.98 (s, 
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6H, Ar), 4.44 (s, 6H, CH2OH), 3.76 (t, 6H, J = 6.5 Hz, 3 × OCH2), 3.44 (t, 12H, J 
= 6.5 Hz, 6 × OCH2), 1.30 – 1.56 (m, 36H, 18 × CH2), 0.86 – 0.91 (m, 27H, 9 × 
CH3); 13C NMR (CDCl3, 125 MHz): δ 151.51, 140.38, 139.76, 137.87, 136.03, 
135.09, 131.15, 125.34, 111.60, 72.65, 68.67, 64.93, 31.97, 31.02, 19.04, 13.79, 
13.63; MS (FAB+): calcd for C81H108O12, 1272.8; found, 1272.8; HRMS (FAB+): 
calcd for C81H108O12, 1272.7841; found, 1372.7844 (error = + 0.24 ppm).  
Synthesis of compound 2-7: To a mixture of 2-6 (1.5 g, 1.18 mmol) and pyridine 
(0.43 mL) in DCM (30 mL), a solution of thionyl chloride (631 mg, 5.35 mmol) in 
DCM 5 mL was added gradually at 0 oC, and then the mixture was stirred 
overnight at room temperature. The solution was poured into H2O, and then more 
DCM (100 mL) was added to the flask. The DCM layer was washed sequentially 
with 5% NaHCO3 solution (50 mL), saturated NaCl solution (50 mL), dried by 
Na2SO4, and filtered to give a clear, light-green solution. The solvent was 
removed under reduced pressure and the residue was purified by column 
chromatography (silica gel, hexane/DCM = 5:1) and  to afford the desired 
product 2-7 as white solid (1.4 g, 90%). 1H NMR (CDCl3, 300 MHz): δ 6.87 (dd, 
3J = 26.8 Hz, 4J = 8.2 Hz, 12H, Ar), 5.94 (s, 6H, Ar), 4.34 (s, 6H, CH2Cl), 3.78 (t, 
6H, J = 6.4 Hz, 3 × OCH2), 3.40 (t, 12H, J = 6.5 Hz, 6 × OCH2), 1.47 – 1.59 (m, 
18H, 9 × CH2), 1.29 – 1.42 (m, 18H, 9 × CH2), 0.85 – 0.92(m, 27H, 9 × CH3); 13C 
NMR (CDCl3, 75 MHz): δ 151.83, 141.33, 140.52, 139.56, 136.51, 134.70, 
134.52, 131.41, 127.20, 111.93, 68.98, 45.95, 32.02, 31.14, 19.11, 13.87, 13.74; 
MS (FAB+): calcd for C81H105Cl3O9, 1326.7;  found, 1326.7; HRMS (FAB+): 
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calcd for C81H105Cl3O9, 1326.6824;  found, 1326.6834 (error = 0.75 ppm).  
Synthesis of compound 2-8: Compound 2-7 (50 mg, 0.05 mmol) was disolved in 
anhydrous DCM (25 mL) in a 250 mL two neck round-bottom flask and a 
constant stream of argon was bubbled through the solution using a glass capillary. 
Anhydrous FeCl3 (117 mg, 0.72 mmol) dissolved in CH3NO2 (1.5 mL) was then 
added dropwise using a syringe. After 2 h, the reaction was quenched by adding a 
large amount of methanol (100 mL). The solvent was removed under reduced 
pressure and DCM (20 mL) and H2O (20 mL) were added to the flask. The 
organic layer was washed sequentially with 5% NaHCO3 solution (10 mL) and 
saturated NaCl solution (10 mL), dried over anhydrous Na2SO4, filtered and the 
solvent was removed under reduced pressure. The residue was purified by column 
chromatography (n-hexane/DCM = 8:1) to afford compound 2-8 as a yellow solid 
(40 mg, 80%). 1H NMR (CDCl3, 300 MHz): δ 10.00 (s, 6H, Ar), 5.14 (s, 6H, 
CH2),4.63 (t, 6H, J = 6.7 Hz, 3 × OCH2), 4.15 (t, 12H, J = 6.8 Hz, 6 ×OCH2), 2.04 
– 2.17 (m, 18H, 9 × CH2), 1.76 – 1.89 (m, 6H, 3 × CH2), 1.59 – 1.72 (m, 12H, 6 × 
CH2), 1.22 (t, 9H, J = 7.3 Hz, 3 × CH3), 1.06 (t, 18H, J = 7.3 Hz, 6 × CH3); 13C 
NMR (CDCl3, 75 MHz): δ 151.00, 147.03, 134.31, 128.07, 126.61, 125.10, 
123.95, 120.89, 120.10, 119.73, 74.55, 73.77, 47.97, 33.00, 32.78, 29.69, 19.59, 
19.55, 14.25, 14.08; MS (FAB+): calcd for C81H93Cl3O9, 1314.6; found, 1314.6. 
Anal. calcd for C81H93Cl3O9: C 73.87, H 7.12, Cl 8.08, O 10.93; found: C 74.03, 
H 7.23, Cl 7.90. 
Synthesis of compound 2-9: A mixture of 2-8 (300 mg, 0.23 mmol) in 
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triethylphosphite (15 mL) was slowly heated to 170 °C. The temperature was 
maintained until the gas evolution had ceased, and then the mixture was heated to 
185 °C for 24 h. The excess of triethyl phosphite was removed in vacuo, the oily 
residue was purified by column chromatography (silica gel, ethyl acetate) to give 
the title compound 2-9 as yellow solid (299 mg, 81%). 1H NMR (CDCl3, 500 
MHz): δ 9.98 (d, J = 2.4 Hz, 6H, Ar), 4.55 (t, 6H, J = 6.7 Hz, 3 × OCH2), 4.22 (t, 
12H, J = 6.6 Hz, 6 ×OCH2), 3.98 – 4.04 (m, 12H, 6 × OCH2), 3.77 (d, 6H, J = 
21.5 Hz, 3 ×CH2), 2.06 – 2.10 (m, 6H, 3 × CH2), 1.98 – 2.04 (m, 12H, 6 × CH2), 
1.71 – 1.79 (m, 6H, 3 × CH2), 1.62 – 1.70 (m, 12H, 6 × CH2), 1.20 (t, 18H, J = 7.2 
Hz, 6 ×CH3), 1.16 (t, 9H, J = 7.5 Hz, 3 ×CH3), 1.05 (t, 18H, J = 7.3 Hz, 6 ×CH3); 
13C NMR (CDCl3, 125 MHz): δ 150.93, 146.96, 128.63, 128.56, 128.13, 127.72, 
127.67, 124.68, 124.22, 120.50, 120.36, 119.92, 113.92, 62.14, 62.09, 32.82, 
32.16, 19.51, 19.46, 16.34, 16.29, 14.15, 14.03; 31P NMR (CDCl3, 500 MHz): δ 
27.15; MS (FAB+): calcd for C93H123O18P3, 1620.8; found, 1620.8; Anal. calcd for 
C93H123O18P3: C 68.87, H 7.64, O 17.76, P 5.73; found: C 68.94, H 7.72, P 5.64. 
General procedure for synthesis of compounds HBC-NO2, HBC-CN and 
HBC-CF3: Compound 2-9 (108 mg, 0.067 mmol) was dissolved in dry DMF 
(10 mL) and the solution was cooled to 0 oC. KOBut (25 mg, 0.220 mmol) was 
added and after 30 min a solution of corresponding benzaldehyde derivatives 
2-10 (0.020 mmol) in DMF (2 mL) was added dropwise. The mixture was 
stirred overnight at room temperature under a nitrogen atmosphere and the crude 
product precipitated out from the mixture. The precipitate was filtered and 
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washed with distilled water and methanol several times and was further purified 
by column chromatography (silica gel, toluene) to afford the desired compounds. 
HBC-NO2: 72% yield, red solid. 1H NMR (CDCl3, 300 MHz): δ 9.91 (s, 6H, 
Ar), 8.38 (d, J = 8.7 Hz, 6H, Ar), 7.74 (d, J = 8.7 Hz, 6H, Ar), 7.50 (d, J = 16.0 
Hz, 3H, CH), 7.35 (d, J = 16.0 Hz, 3H, CH), 4.68 (t, 6H, J = 6.4 Hz, 3 × OCH2), 
4.01 (t, 12H, J = 6.4 Hz, 6 × OCH2), 2.19 – 2.27 (m, 6H, 3 × CH2), 1.83 – 1.94 
(m, 18H, 9 × CH2), 1.55 – 1.63 (m, 6H, 3 × CH2), 1.25 – 1.31 (m, 15H, 3 × 
CH2CH3), 0.93 (t, 18H, J = 7.3 Hz, 6 × CH3); 13C NMR (CDCl3, 75 MHz): δ 
151.00, 146.85, 146.74, 144.24, 134.61, 132.28, 128.02, 126.60, 125.89, 125.64, 
124.90, 124.28, 124.22, 121.40, 120.19, 119.82, 74.61, 73.50, 33.33, 33.02, 
19.79, 14.44, 14.07; HRMS (FAB+): calcd for C102H105N3O15, 1611.7546; found, 
1612.7584 ([M+H]+, error = - 0.34 ppm). 
HBC-CN: 75% yield, yellow solid. 1H NMR (CDCl3, 300 MHz): δ 10.15 (s, 6H, 
Ar), 7.76 (s, 12H, Ar), 7.68 (d, J = 16.1 Hz, 3H, CH), 7.51 (d, J = 16.2 Hz, 3H, 
CH), 4.65 (t, 6H, J = 6.5 Hz, 3 × OCH2), 4.14 (t, 12H, J = 6.5 Hz, 6 × OCH2), 
2.11 – 2.21 (m, 6H, 3 × CH2), 1.92 – 2.02 (m, 12H, 6 × CH2), 1.80 – 1.87 (m, 
6H, 3 × CH2), 1.54 – 1.69 (m, 12H, 6 × CH2), 1.22 (t, 9H, J = 7.3 Hz, 3 × CH3), 
0.97 (t, 18H, J = 7.3 Hz, 6 ×CH3); 13C NMR (CDCl3, 75 MHz): δ 150.87, 
146.72, 142.26, 133.76, 132.57, 132.31, 127.89, 126.66, 126.27, 125.42, 124.75, 
124.12, 121.17, 120.06, 119.77, 119.15, 110.45, 74.61, 73.41, 33.31, 32.99, 
19.80, 19.59, 14.44, 14.07; HRMS (FAB+): calcd for C105H105N3O9, 1551.7851; 
found, 1552.7923 ([M+H]+, error = - 0.39 ppm). 
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HBC-CF3: 64% yield, orange solid. 1H NMR (CDCl3, 300 MHz): δ 10.13 (s, 6H, 
Ar), 7.80 (d, J = 8.3 Hz, 6H, Ar), 7.74 (d, J = 8.1 Hz, 6H, Ar), 7.70 (d, J = 15.8 
Hz, 3H, CH), 7.58 (d, J = 16.4 Hz, 3H, CH), 4.66 (t, 6H, J = 6.7 Hz, 3 × OCH2), 
4.13 (t, 12H, J = 6.5 Hz, 6 × OCH2), 2.11 – 2.21 (m, 6H, 3 × CH2), 1.94 – 2.03 
(m, 12H, 6 × CH2), 1.77 – 1.90 (m, 6H, 3 × CH2), 1.60 – 1.73 (m, 12H, 6 × CH2), 
1.22 (t, 9H, J = 7.3 Hz, 3 × CH3), 0.98 (t, 18H, J = 7.3 Hz, 6 × CH3); 13C NMR 
(CDCl3, 75 MHz): δ 150.85, 146.83, 141.44, 132.97, 132.88, 127.91, 127.00, 
126.55, 125.79, 125.74, 125.21, 124.81, 124.01, 120.79, 120.13, 119.89, 74.58, 
73.49, 33.19, 33.04, 19.73, 19.64, 14.36, 14.08; HRMS (FAB+): calcd for 
C105H105F9O9, 1680.7615; found, 1680.7657 (error = + 2.50 ppm). 
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Chapter 3: Dipole-dipole and Hydrogen Bonding 




Two-dimensional (2D) crystal engineering at solid-liquid interface recently 
attracted intensive interest because it potentially allows the surfaces to become 
functional, e.g. conductive, catalytically active, porous, chiral, etc.[1] The 
self-assembly of a molecular building unit at the solid-liquid interface is driven by 
weak interactions with the substrate, solvent and the molecule itself. The 
invention of scanning tunneling microscope (STM)[2] opened the door to 
investigate the self-assembled 2D crystal with submolecular resolution. In 
intensive studies involving the crystal engineering of HBC derivatives on 
substrate surfaces by scanning tunneling microscopy (STM), most of the 
assemblies formed closely packed hexagonal motifs. For instance, HBC with alkyl 
chains attached to the aromatic core via a phenylene spacer results in a molecular 
lattice with a hexagonal superstructure,[1f] which is mostly due to the six-fold 
symmetry of the HBC derivatives. So far, there is a challenge to endow the C3 
symmetric HBC framework with appropriate donor and acceptor groups, which 
may modulate the intermolecular interactions and therefore help to expand the 
interfacial supramolecular structures for HBCs. With octupolar HBC 
chromophores HBC-NO2, HBC-CN and HBC-CF3 in hand, we are interested in 
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the 2D interfacial supramolecular structures of these novel HBC derivatives 
bearing different substituents. 
Another interesting crystal pattern at solid-liquid interface is the 2D porous 
network, which can be achieved by hydrogen-bonding interactions of appropriate 
building units.[1c,1d] For example, simple trimesic acid[3] (TMA, known as 
benzene-1,3,5- tricarboxylic acid) can form 2D rigid honeycomb network via 
intermolecular hydrogen bonding interactions. The size of cavity in the network 
can be further expanded by using larger size building blocks such as C3 symmetric 
benzenetribenzoic acid (BTB)[4] and star-shaped oligofluorene carboxylic acids.[5] 
Guest molecules such as fullerene C60 can fill the cavities of some of the 2D 
porous networks to form host-guest structure at solid-liquid interface.[6] 
To further explore the opportunities to fabricate functional surface with new 
functionalities such as electronic conduction or charge transfer, we are interested 
in introducing electronic active components into the 2D network. Polycyclic 
aromatic hydrocarbons (PAHs)[7] are good candidates for this purpose because 
they are π-conjugated systems and usually exhibit interesting optical and 
electronic properties. Actually, many disc-like PAHs such HBC can form ordered 
2D crystals at solid-liquid interface because there are strong π-π interactions and 
van der Waals interactions between the molecules and the highly oriented 
pyrolytic graphite (HOPG) substrate.[8] However, it is not an easy task to build up 
a rigid 2D porous network by using PAHs as building blocks due to synthetic 













  HBC-COOH  
Figure 3.1. Structure of HBC-COOH. 
 
  We synthesized a C3 symmetric HBC molecule substituted by three carboxylic 
acid groups (HBC-COOH, Figure 3.1), which can assemble into a rigid 2D 
honeycomb network on the HOPG surface in solution. Its structure mimics the 
simplest analog TMA molecule, with the benzene ring in TMA replaced by a 
“superbenzene” core (HBC). Thus, one can expect formation of a porous 2D 
honeycomb network by a combination of π-π interactions, van der Waals 
interactions and hydrogen bonding interactions. The porous structure also allows 
us to do further modifications by putting guest molecules into the empty cavities. 
Our study also demonstrated 2D supramolecular assemblies of HBC-NO2, 
HBC-CN and HBC-CF3 at a solid-liquid interface investigated by STM.  
 
3.2 Results and Discussions 
3.2.1 Synthesis 
The synthesis of three-fold symmetric HBC carboxylic acid HBC-COOH is 
challenging due to several reasons: (1) synthesis of HBC molecules usually 
involves oxidative cyclodehydrogenation of appropriate hexaphenylbenzene 
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(HPB) precursors, but precursors containing electron-withdrawing groups (e.g., 
ester, -CN) usually fail to give the desired ring-fused HBC molecules;[9] (2) the 
HPB precursors are normally prepared from the substituted tolane by 
Co2(CO)8-catalyzed cyclotrimerization reaction, however, two structural isomers 
usually exist in the as-formed HPB compounds and separation of the desired C3 
symmetric HPB precursor from other isomer by column chromatography is 
usually difficult due to their similar polarity;[10] (3) strong intermolecular π-π 
interactions and hydrogen bonding interactions will result in poor solubility of 






































Scheme 3.1. Synthesis of HBC-COOH: (a) FeCl3, CH3NO2, DCM, 30%; (b) i) 
3 M KOH, reflux, 12 h; ii) 2 M HCl, 63%. 
 
design has to be done for our new HBC-COOH molecule. The HBC-COOH 
was successfully synthesized according to Scheme 1. With the symmetrical HPB 
isomer (2-4) in hand, which was prepared from cyclotrimerization of 
corresponding asymmetric diphenylacetylene as we discribed in Chapter 2.[11] 
Oxidative cyclodehydrogenation of this HPB precursor by treatment with FeCl3 
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in nitromethane and dichloromethane afforded the desired C3-symmetric HBC 
compound 3-1 in a relatively low yield (30%) due to slow reaction rate and 
formation of complicated by-products. This synthetic difficulty can be explained 
by the deactivation effect of the electron-withdrawing ester group and ether 
cleavage during the oxidative cyclodehydrogenation process. Nevertheless, the 
target compound 3-1 can still be obtained because three 1,2,3-tributoxyphenyl 
groups are introduced into the HPB precursor 2-4 and the electron-rich character 
of these three phenyl rings can compensate the electron deficient character of the 
other three phenyl rings substituted by electron-withdrawing ester groups. 
HBC-COOH was then prepared by hydrolysis of 3-1 in aqueous potassium 
hydroxide followed by acidification with 2M HCl acid. The pure product was 
obtained in a 63% yield after further purification by precipitation in mixed 
solvents (hexane/ tetrahydrofuran = 10 : 1 (v/v)) and washing with chloroform 
and methanol. The attachment of tributoxy chains in the HBC-COOH molecule 
also makes it soluble in THF and partially soluble in DMSO, but insoluble in 
other normal organic solvents such as chloroform. 
 
3.2.2. Self-assembly of HBC-COOH into a rigid 2D honeycomb network at 
solid-liquid interface via intrermolecular hydrogen bonding 
The self-assembly of HBC-COOH was studied by STM technique by 
dropping the solution of HBC-COOH in the 1-phenyloctane onto a freshly 
exfoliated HOPG substrate followed by measurements in solution at room 
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temperature. This work was collaborated with Professor Xiaodong Chen in NTU. 
As shown in Figure 3.2, large-area ordered 2D porous network was clearly 
observed at the liquid-solid interface. Even in a large scanning area of 170 ×170 
nm2, molecules covered nearly the whole surface and only few defects could be 
found (Figure 3.2a). This indicates that there are strong intermolecular 
interactions among the HBC-COOH molecules and also between the molecules 











































































































Figure 3.2. STM images of a HBC-COOH monolayer adsorbed at the liquid 
(1-phenyloctane) – solid (HOPG) interface at room temperature: (a) 170 × 170 
nm2, Iset = 160 pA, Vset = -800 mV; (b) 11.24 × 11.24 nm2, Iset = 160 pA, Vset = 
-1000 mV. The proposed self-assembling pattern is shown in (c). 
 
level pattern of these HBC molecules on the surface (Figure 3.2b). Due to the 
semiconducting character of the HBC molecules, each of the bright spots in the 
STM images can be assigned to one HBC core due to its higher tunneling 
current[12] and the spot size is also in agreement with the molecular size of the 
HBC core. The dark area (cavity) could be filled by either the aliphatic chains 
on the HBC core or solvent molecules, which however cannot be identified due 
to the limited resolution. It is very clear that the three-fold symmetric HBC 
molecules self-assemble into a 2D honeycomb network by linking six separate 
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bright discs in a hexagonal pattern via hydrogen bonding. It is worth noting that 
a flower pattern arising from hybrid combination of dimeric and trimeric 
associations was also observed for some TMA molecules.[3] However, for our 
HBC-COOH molecule, only a rigid 2D honeycomb network was observed 
presumably due to the stronger interactions between the HBC molecules with 
the HOPG substrate. A hexagonal unit cell can be figured out for the 2D 
honeycomb pattern (Figure 3.2b) with parameters a = b = 3.1 ± 0.1 nm and γ = 
60 ± 1°. The distance between the neighboring bright spots was measured as 
1.84 nm, which is in agreement with the calculated center-to-center distance 
(1.83~1.86 nm) of hydrogen bonded HBC dimer. Based on these observations, a 
possible molecular packing model was proposed in Figure 3.2(c). The 
substructure consists of a hexagon with one HBC-COOH molecule at each 
corner and all the three carboxylic groups in each molecule form hydrogen 
bonds with its neighboring molecules via a typical dimeric hydrogen bonding 
mode. The strong hydrogen bonding interactions eventually lead to a rigid 2D 
honeycomb network similar to that from the TMA molecules. 
The highly porous honeycomb-like structure opens the opportunities to bring 
guest molecules into the cavities. The diameter of the circular cavities within the 
chickenwire structure is around 2 nm, indicating that some guest molecules with 
appropriate size and interaction can be accepted by the pores. Thus six-fold 
symmetric coronene with a lateral diameter of about 1 nm was chosen as a guest 
molecule. According to previous investigations,[2c] coronene molecules at the 
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liquid-solid interface without host architecture did not show ordered structures. 
Addition of coronene to the solution of HBC-COOH in 1-phenyloctane and 
subsequent STM imaging measurements disclosed a similar 2D network with a 









































































































Figure 3.3. (a) A STM image after adsorption of coronene guests within the 
supramolecular honeycomb network at the liquid (1-phenyloctane) – solid 
(HOPG) interface: (60 × 60 nm2, Iset = 150 pA, Vset = - 800 mV). The filled 
cavities are indicated by arrows. (b) Proposed molecular packing model in the 
filled areas. 
 
same to that from the pure HBC-COOH molecules, indicating that the 2D 
framework is formed by the HBC-COOH itself. Interestingly, some of the 
cavities are now filled with smaller-size and less-bright spots, which can be 
identified as coronene molecules based on the size and the different contrast. 
Therefore, the 2D honeycomb network formed by HBC-COOH actually serves 
as a template to induce the assembly of the coronene molecules on the HOPG 
surface. The reason why the coronene molecules can go into the cavities could 
be ascribed to the size and shape matching between nanosized pores and the 
planar D6h symmetric coronene molecules. It is noteworthy that only part of the 
cavities can be filled with coronene molecules and many pores remain empty, 
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implying that the interaction between the coronene molecules and the HOPG 
substrate is relatively weak. This probably could be owing to the underlying 
aliphatic chains between the coronene and HOPG surface which reduce the π-π 
interactions between the coronene and the HOPG. In fact, a weaker interaction 
and a dynamic phase transition of HBC molecules on long aliphatic chains 
modified HOPG surface were previously observed.[13] The non-perfect size 
matching may also has negative effect on the recognition. Therefore, the 
coronene molecules exist in a dynamic equilibrium between free molecules in 
solution and trapped molecules in the 2D porous network. 
 
3.2.3. 2D Self-assembly of HBC-CN, HBC-NO2, and HBC-CF3 molecules at 
solid-liquid interface via dipole-dipole interactions 
The self-assembly of HBC derivatives bearing other electron-withdrawing 
groups, like HBC-CN, HBC-NO2 and HBC-CF3 were investigated on the 
HOPG surface.  As shown in Figure 3.4 (a), (b), (d) and (e), it is clearly seen 
that both HBC-CN and HBC-NO2 in STM images form homogeneous and 
large-area ordered hexagonal motif with one molecule inside the HOPG 
substrate. The bright areas of the high resolution STM image correspond to the 
aromatic core of HBC-CN and HBC-NO2 because of the higher electronic 
density of state, and the spot sizes are also matched with the molecular size of 
the HBC core. The parameters of a hexagonal unit cell can be determined to be a 
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= b = 2.6 ± 0.1 nm and γ = 60 ± 2°, and a = 2.5 ± 0.1nm, b = 2.6 ± 0.1 nm and γ 
= 60 ± 2° for HBC-CN and HBC-NO2 respectively. In controlling the 
 
Figure 3.4. STM images and simulated patterns of the HBC-CN and HBC-NO2 
adlayers on the basal plane of HOPG at room temperature: (a) large-scale STM 
image of HBC-CN (120.0 × 120.0 nm2, Iset = 0.16 nA, and Vbias = -1.2 V); (b) 
high-resolution STM image of HBC-CN (25.0 × 25.0 nm2, unit cell: a = b = 2.6 
± 0.1 nm, and γ = 60 ± 2°, Iset = 0.15 nA, and Vbias = -1.4 V); (c) the simulated 
self-assembly pattern of HBC-CN on graphite (0001) surface with the simulated 
unit cell of a = b = 2.5 nm, γ = 60°; (d) large-scale STM image of HBC-NO2 
(100.0 × 100.0 nm2, Iset = 0.017 nA, and Vbias = -1.6 V); (e) high-resolution STM 
image of HBC-NO2 (30.0 × 30.0 nm2, unit cell: a = 2.5 ± 0.1 nm, b= 2.6 ± 
0.1nm, and γ = 60 ± 2°, Iset = 0.017 nA, and Vbias = -1.6 V); and (f) the simulated 
self-assembly pattern of HBC-NO2 on graphite (0001) surface with the 
simulated unit cell of a = 2.3 nm, b = 2.4 nm, γ = 61°. 
 
interfacial self-assembly behavior of these molecules, the intermolecular 
dipole-dipole interacions play a critical role since the strength of the 
dipole-dipole interaction (5-50 kJ/mol) is stronger than that of the van der Waals 
interaction (<5 kJ/mol) and the short alkyl chains on the HBC core have no 
significant contribution to the intermolecular interaction. Since CF3 is a strong 
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electron-withdrawing group, molecules bearing one or more -CF3 groups could 
result in unique packing properties compared to those molecules without -CF3.[14] 
For HBC derivatives bearing -CF3, it was found that large-area ordered 2D 
porous network structure formed by HBC-CF3 molecules (Figure 3.5a~c). From 
the high-resolution STM images (Figure 3.5b,c), these molecules assembled 
 
Figure 3.5. STM images and simulated pattern of the HBC-CF3 adlayer on the 
basal plane of HOPG: (a) large-scale STM image of HBC-CF3 (200.0 × 200.0 
nm2, Iset = 0.15 nA, and Vbias = -1.2 V); (b) STM images of HBC-CF3 (60.0 × 
60.0 nm2, Iset = 0.14 nA, and Vbias = -1.3 V); (c) high-resolution STM image of 
HBC-CF3 (26.6 × 26.6 nm2, unit cell: a = 4.0 ± 0.1 nm, b= 4.1 ± 0.1nm, and γ = 
60 ± 2°. Iset = 0.14 nA, and Vbias = -1.3 V); and (d) the simulated self-assembly 
pattern of HBC-CF3 on graphite (0001) surface with the simulated unit cell of a 
= b = 4.2 nm, γ = 60°, where the inset of the figure shows the interacting pattern 
of the functional groups. (For the enlarged view of the functional group 
interacting pattern, some alky-chains have been hidden for clarity.) 
 
in a homogenously hexagonal circle with one less-bright spot inside at room 
temperature. The bright areas correspond to the aromatic core of HBC-CF3 and 
the size of each bright spot is also matched by the molecular size of the HBC 
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core. The less-bright spots are mostly due to the adsorption of solvent 
molecules.[15] Moreover, during the whole period of the experiment, the 
monolayer of HBC-CF3 is quite stable, which indicates that strong 
intermolecular interactions among molecules as well as the interactions (mostly 
π-π interaction) between molecules and the HOPG basal plane. In contrast to 
hexagonal superstructrure formed by HBC-CN and HBC-NO2, 2D 
honeycomb-like structure observed from HBC-CF3 provides the opportunity to 
form a guest-host system, which allows comparable size guest to be brought into 
the cavity and modulates the electronic properties of assemblies. This also 
suggests that functional group on HBC core can influence the supramolecular 
organization at the solid-liquid interface.  
To further understanding of how HBC-CF3 can form 2D honeycomb 
structures, while HBC molecules bearing three –CN or –NO2 groups form the 
hexagonal superstructures, the simulated self-assembly model using the classical 
molecular mechanics method with the COMPASS[16] force field integrated in 
the Forcite module of the Materials Studio package was studied. To approach 
global minimum as much as possible, molecular dynamics and simulated 
annealing have been performed for all structures. The simulated pattern of 
HBC-CF3 on graphite (0001) surface consists of a hexagon with one HBC-CF3 
molecule at each corner (Figure 3.5d). The 4-trifluoromethylphenyl part in 
HBC-CF3 molecules is regarded as a dipole due to the strong electron negativity 
of CF3 groups. Then the direction of the dipole moment can be recorded and the 
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two dipoles are aligned in an anti-parallel fashion (arrows in inserted picture), 
which is viewed as a stabilized state and gives rise to a lower overall energy. In 
addition, the simulated results and calculated parameters of a unit cell of 
HBC-CF3 molecules, a = b = 4.2 nm, γ = 60°, are in agreement with the 
experimental observation. Thus, the C3-symmetric HBC-CF3 molecules 
self-assemble into a 2D honeycomb network with six separate bright cores at 
each corner of hexagon via antiparallel dipole-dipole interactions. However, the 
simulated supramolecular model of HBC-CN showed that the different 
intermolecular interaction. As shown in Figure 3.5c, beside an intrinsic dipole 
moment of nitrile group (-CN) itself, the interaction between -CN and hydrogen 
(-H) of the benzene group from the adjacent molecule likely exists. To minimize 
the overall polarity and energy, 4-cyanophenyl group arranged themselves in a 
windmill pattern without a common center (Figure 3.5c), which lead to a 
different molecules packing pattern with a hexagonal circle and one HBC-CN 
molecule inside compared to HBC-CF3. It may indicate that the intermolecular 
interaction is greatly affected by the weak [C─H•••NC─] hydrogen-bonding 
interaction between –C≡N and -H of the benzene group from the adjacent 
molecule. Take the direction of the dipole moment for electron-withdrawing 
group itself and additional hydrogen-bonding into consideration, similar 





In conclusion, a novel C3 symmetric HBC tricarboxylic acid molecule 
HBC-COOH was synthesized by overcoming synthetic and purification 
difficulty. This new large-size aromatic carboxylic acid can self-assemble into a 
highly porous and rigid 2D honeycomb network via intermolecular hydrogen 
bonding interactions at a 1-phenyloctane-HOPG interface. Due to the existence 
of large-size cavities within the hexagonal lattices, the self-assembled network 
can act as a supramolecular host system to study the interactions between guest 
molecules (e.g. coronene) and nanoporous network. Two-dimensional (2D) 
supramolecular assemblies of a series of novel C3-symmetric HBC derivatives 
HBC-CN, HBC-NO2 and HBC-CF3 were studied by in situ STM investigation 
at solid-liquid interface. HBC-CF3 could form 2D honeycomb structures due to 
the anti-parallel dipole-dipole interactions, while HBC-CN and HBC-NO2 form 
the hexagonal superstructures because of a special trimeric arrangement induced 
by dipole-dipole interaction and weak hydrogen-bonding. These works provide 
an example of intermolecular hydrogen bonding as well as dipole-dipole 
interactions could enable fine engineering the interfacial supramolecular 
structures of disc-like π-conjugated molecules. 
 
3.4 Experimental Section 
3.4.1 General experimental methods 
All reagents and starting materials were obtained from commercial suppliers 
and used without further purification. Anhydrous tetrahydrofuran (THF) and 
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dichloromethane (DCM) was distilled under a nitrogen atmosphere over sodium 
and calcium hydride, respectively. Column chromatography was performed on 
silica gel 60 (Merck 40-60 nm, 230-400 mesh). All NMR spectra were recorded 
on the Bruker DPX300 or AMX500 spectrometer. All chemical shifts are quoted 
in ppm, relative to tetramethylsilane, using the residual solvent peak as a 
reference standard. MS were recorded on Finnigan TSQ 7000 triple stage 
quadrupole mass spectrometer. MALDI-TOF mass spectra were measured on a 
Bruker Autoflex MALDI-TOF instrument using TCNQ as a matrix. High 
resolution mass spectra were recorded on a Finnigan MAT95XL-T with FAB 
ionization source or recorded on Finnigan MAT 95 × P spectrometer. 
 
3.4.2 STM measurements and dynamical simulation 
Prior to imaging, sample was dissolved in 1-phenyloctane (Aldrich, 99%) and 
a drop of this solution was applied on a freshly cleaved surface of HOPG. The 
presented STM images were obtained in constant current mode under ambient 
condition. In the STM images, white corresponds to the highest and black to the 
lowest measured tunneling signal, which reveals topography of surface 
electronic states of the assemblies. STM experiments were performed using a 
Multimode Scanning Probe Microscope (Veeco Multimode SPM system with 
NanoScope V control station). STM tips have been prepared by mechanically 
cutting a 0.25mm thick Pt/Ir (80%/20%) wire. The experiments were carried out 
several times using different tips to check for reproducibility and to avoid 
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artifacts. Note that during the experiments, the STM tip is immersed in the 
saturated solution. Different settings for the tunneling current and the bias 
voltage were used, ranging from 0.13 nA to 1 nA and -0.05 V to -1.6 V, 
respectively. After capturing of an STM images of the monolayer structure, the 
underlying HOPG lattice was recorded at the same position by decreasing the 
bias voltage, serving as an in situ calibration. The structures of the 2D 
nano-networks were investigated with classical molecular mechanics method 
with the COMPASS force field integrated in the Forcite module of the Materials 
Studio package. For HBC-CF3, HBC-CN and HBC-NO2, the simulated 
annealing dynamical evolution was performed with canonical ensemble (NVT), 
and the temperature ranges from 300K to 500K, where a total of 10 heating 
cycles were applied during the 100 ps duration of each trajectory. The time step 
was chosen as 1 fs throughout the structures. Optimized geometry for each 
dynamical structure met with the following requirements: energy difference < 
2.0 × 10-5 kcal/mol, force difference < 0.001 kcal/mol/Å, and displacement 
difference < 1.0 × 10-5 Å . The unit cells of the 2D nanostructures were 
determined by following method: for the STM observed hexagonal structures, 
i.e., HBC-NO2 and HBC-CN, the size of the initial supercell for the HOPG with 
three layers of graphene was determined by the measurement on the STM 
images. The lattice parameters of the supercell were integer times of the graphite 
(0001) surface unit cell with lattice parameter a = b = 2.46 Å. To avoid the 
neighboring interaction in the c direction, a vacuum layer of 80 Å was empolied 
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for both supercell and graphite (0001) surface. The initial unit cell for each 
adsorbate was chosen in such a way that a and b were close to the experimental 
measurements. Supercells with (1 or 2 graphite (0001) surface unit cells were 
also constructed to compare with the initial choice. Comparing the interaction 
energy including adsorbate-substrate and adsorbate-adsorbate determined by the 
following formula: Eint = (Eunit-cell - Esubstrate – N × Eadsorbate) / N (where N is the 
number of adsorbate molecules in the supercell, and Eadsorbate is the energy for 
the free standing adsorbate molecule with optimized structure), then the 
proposed most energy preferable configuration could be determined. The 
structures with the lowest interaction energy are selected to be the simulated 
model for these HBC derivatives, which are also regarded as the most stable 
structures). 
 
3.4.3 Synthesis and characterization data of new compounds 
Syntheis of compound 3-1: Compound 2-4 (50 mg, 0.05 mmol) was disolved 
in anhydrous DCM (25 mL) in a 250 mL two neck round-bottom flask and a 
constant stream of argon was bubbled through the solution using a glass 
capillary. Anhydrous FeCl3 (117 mg, 0.72 mmol) dissolved in CH3NO2 (1.5 mL) 
was then added dropwise using a syringe. After 8 h, the reaction was quenched 
by methanol (40 mL). The solvent was removed under reduced pressure and 
DCM (20 mL) and H2O (20 mL) were added to the flask. The organic layer was 
washed sequentially with 5% NaHCO3 solution (10 mL) and saturated NaCl 
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solution (10 mL), dried over anhydrous Na2SO4, filtered and the solvent was 
removed under reduced pressure. The residue was purified by column 
chromatography (n-hexane/DCM = 4 : 1 (v/v)) to afford compound 3-1 as a 
yellow solid (15 mg, 30%). 1H NMR (CDCl3, 300 MHz): δ 10.43 (s, 6H, Ar), 
4.77 (t, 6H, J = 6.4 Hz, 3 × OCH2), 4.40 (s, 9H, CH3), 4.06 (t, 12H, J = 6.5 Hz, 6 
× OCH2), 2.17 – 2.27 (m, 6H, 3 × CH2), 2.03 – 2.12 (m, 12H, 6 × CH2), 1.87 – 
1.95 (m, 6H, 3 × CH2), 1.66 – 1.74 (m, 12H, 6 × CH2), 1.30 (t, 9H, J = 7.3 Hz, 3 
× CH3), 1.09 (t, 18H, J = 7.3 Hz, 6 × CH3); 13C NMR (CDCl3, 75 MHz): δ 
167.89, 150.78, 147.25, 127.03, 126.82, 126.16, 123.13, 122.08, 119.43, 118.96, 
77.38, 76.96, 76.53, 74.44, 73.10, 51.96, 33.14, 32.49, 19.65, 19.32, 14.32, 
14.07; HRMS (FAB+): calcd for C84H96O15, 1344.6749; found, 1344.6785 (error 
= + 2.68 ppm). 
Synthesis of compound HBC-COOH: A suspension of 3-1 (50 mg, 0.07 mmol) 
in 3 M aq. KOH (100 ml) was refluxed under nitrogen atmosphere overnight. 
Then the reaction mixture was cooled to room temperature and was added 2 M 
hydrochloric acid until pH = 4. The crude product precipitated from the solution 
and it was further purified by reprecipitation from solution in THF to hexane and 
washing with chloroform and methanol to give the desired compound 
HBC-COOH as a yellow solid (31 mg, 63%). 1H NMR (THF-d8, 300 MHz): δ 
10.78 (s, 6H, Ar), 4.63 (t, 6H, J = 6.6 Hz, 3 × OCH2), 4.24 (t, 12H, J = 6.6 Hz, 6 × 
OCH2), 2.07 – 2.19 (m, 18H, 9 × CH2), 2.14 – 2.19 (m, 6H, 3 × CH2), 2.07 – 2.11 
(m, 12H, 6 × CH2), 1.15 (t, 9H, J = 7.4 Hz, 3 × CH3), 1.03 (t, 18H, J = 7.4 Hz, 6 × 
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CH3); 13C NMR (CDCl3, 75 MHz): δ 168.64, 152.31, 148.74, 128.66, 128.59, 
128.55, 124.80, 123.45, 120.86, 75.20, 74.40, 34.15, 33.77, 33.37, 32.76, 30.53, 
30.19, 23.45, 20.33, 20.24, 14.46, 14.36; MALDI-TOF MS: m/z = 1325.59 ([M + 
Na+]); calculated exact mass: 1302.63; Anal. calcd for C81H90O15: C 74.63, H 6.96, 
O 18.41, P 5.73; found: C 74.75, H 7.05. 
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Chapter 4: Stable Tetrabenzo- Chichibabin’s Hydrocarbons: 
Tunable Ground State and Unusual Transition between 
Their Closed-shell and Open-shell Resonance Forms 
 
4.1. Introduction 
Open-shell polycyclic aromatic hydrocarbons (PAHs) refer to a type of 
hydrocarbon with one or more than one π-electrons that are not tightly paired 
into the bonding molecular orbital in the ground state, which is different from 
the typical PAHs with a closed-shell electronic structure. Open-shell PAHs are 
of fundamental importance in understanding the nature of chemical bonding and 
the basic chemical and physical phenomena of π-conjugated systems. Recent 
experimental and theoretical studies have revealed that open-shell PAHs could 
show unique electronic, optical and magnetic properties and thus have 
promising applications in materials science.[1] In the case of biradical PAHs, the 
two unpaired or weakly bonded electrons can be either in a low-spin singlet or a 
high spin triplet state. The substances with a singlet ground state can exhibit 
paramagnetic properties via a thermally excited transition from singlet to triplet 
state if the singlet-triplet energy gap (ΔES-T) is sufficiently small. In addition, 
when the interacting spins are in orthogonal form, the molecule favors a triplet 
state.[2] As mentioned in Chapter 1, open-shell PAHs with intermediate biradical 
characters are theoretically predicted to have enhanced second 
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hyperpolarizability (γ) and large two-photon absorption (TPA) cross section in 
comparison to the corresponding closed-shell and pure diradical systems,[3] and 
this has been experimentally proven by several open-shell singlet molecules 
such as Kubo’s bisphenalenyls[4] and Osuka’s meso-diketo hexaphyrin 
derivative.[5] Therefore, open-shell PAHs could be used as new efficient 
non-linear optical (NLO) chromophores for future photonics applications such 
as optical switching, three-dimensional memory, optical limiting, and 
photodynamic therapy.[6] Open-shell PAHs usually also exhibit multiple-stage 
amphoteric redox behaviour which make them promising materials for low 
threshold-voltage ambipolar field effect transistors[7] and energy storage devices 
(e.g. lithium ion batteries).[8] In addition, certain open-shell PAHs can be 
regarded as graphene nano-flakes with unique magnetic properties and have 
potential applications for organic spintronics.[9] 
Despite all their intriguing properties and promising applications, the 
open-shell nature of these molecules has rendered them vulnerable to 
degradation reactions, therefore instability remains a key obstacle for their 
practical applications. Recent progress in synthetic method has led to successful 
synthesis and characterization of several types of stable open-shell PAHs: (1) 
o-quinodimethane[10] and p-quinodimethane derivatives;[11] (2) phenalenyls,[12] 
bisphenalenyl[13] and trisphenalenyls;[14] (3) teranthene;[15] and zethrenes.[16] In 
most cases, both thermodynamic stabilization by π-electron delocalization and 
kinetic stabilization by blocking of the most reactive sites carrying high spin 
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Chichibabin's hydrocarbon Tetrabenzo- Chichibabin's hydrocarbon
1-CS 1-OS 2-CS 2-OS  
Chart 4.1. Resonance structures of Chichibabin’s hydrocarbon, tetrabenzo- 
Chichibabin’s hydrocarbons and its derivatives 1-CS/1-OS and 2-CS/2-OS. 
 
Among various known open-shell PAHs, Chichibabin’s hydrocarbon 
possessing a characteristic resonance structure between a closed-shell quinonoid 
form and an open-shell biradical (Chart 4.1) has been most extensively studied 
regarding its ground-state electronic structure and physical properties.[17] Due to 
the recovery of two aromatic sextet rings in the biradical form, the Chichibabin’s 
hydrocarbon exhibits large biradical character in the ground state. However, 
Chichibabin’s hydrocarbon reacts avidly with oxygen, yielding polymeric 
peroxide. In addition, it also tends to dimerize and oligomerize to give 
paramagnetic species. All these make it challenging to offer a clear-cut 
conclusion on its ground-state electronic structure.[18] Although some derivatives 
of Chichibabin’s hydrocarbons have been prepared,[19] side reactions such as 
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oxidation, dimerization, polymerization, and decomposition usually cannot be 
avoided due to the high chemical reactivity of unpaired electrons. Therefore, 
great attention has been focused on synthesizing and studying long life-time and 
stable Chichibabin’s hydrocarbons.[20] 
Like other open-shell PAHs, the stabilization of the highly reactive 
Chichibabin’s hydrocarbon can be achieved by either a thermodynamic 
approach (aromatic stabilization and π-electron delocalization) or kinetic means 
(steric protection), or by both approaches. As shown in Chart 4.1, our new 
strategy towards thermodynamic stabilization of the Chichibabin’s hydrocarbon 
is by benzannulation of the central biphenyl unit with four aromatic benzene 
rings, and thus tetrabenzo- Chichibabin’s hydrocarbon is generated. Such a 
design can possibly also enhance the kinetic stability due to the steric blocking 
by the two anthracene units in the case that the biradical form dominates its 
ground state. Therefore, the tetrabenzo- Chichibabin’s hydrocarbon is expected 
to be more stable due to compensation by both thermodynamic and kinetic 
stabilization. In order to improve its solubility and also to further block the 
reactive sites where dimerization can happen, tert-butyl groups are introduced 
onto the para-position of the four phenyl rings in 1-CS/1-OS (Chart 4.1). It will 
be of interest to study the inherent electronic structure of this novel hydrocarbon, 
which can be drawn as a resonance structure between a quinonoid form (1-CS) 
and an open-shell biradical form (1-OS). In addition, it has been reported that 
the stability of a radical center can be improved by delocalization through a 
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fluorenyl moiety.[21] Thus, herein the di(4-tert-butylphenyl)methane groups in 
1-CS/1-OS are further replaced by two fluorenyl units and the obtained 
molecule can also be drawn as a closed-shell quinoidal form (2-CS) or an 
open-shell biradical (2-OS) (Chart 4.1). The interesting question is whether such 
substitution will change the ground-state electronic structure of the 
tetrabenzo-Chichibabin hydrocarbon. Moreover, consideration of the large steric 
hindrance arising from the two anthracene units, the geometric structures of both 
compounds are also of interest, which could be significantly different from the 
flat geometry of parent Chichibabin’s hydrocarbon.17c In this chapter, we report 
the detailed studies on their synthesis, their ground-state electronic and 
geometric structure, and transition between their closed-shell and open-shell 
resonance forms by various experiments assisted by theoretical calculations. 
Their redox behaviour and oxidized species were also investigated. In particular, 
the dication of the fluorenyl-containing tetrabenzo-Chichibabin’s hydrocarbon 
2-CS/2-OS provides a new candidate for a study on charged anti-aromatic 
species, which are often subjects of great theoretical interest due to  their 
inherent instability.[22] In addition, transient absorption and two-photon 
absorption measurements were conducted to further understand the 
photophysical properties and NLO response of these types of open-shell 
hydrocarbons. 
 
4.2 Results and Discussions 
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4.2.1 Synthesis and structural characterization of 1-CS/1-OS.  
The synthetic route towards 1-CS/1-OS is shown in Scheme 4.1. Treatment of 
the bisanthracenequinone 4-1[23] with CBr4/PPh3 afforded the 11,11,11’,11’- 
tetrabromo- 10,10-(9,9’-bisanthryl)quinodimethane 4-2 in 90% yield. 
Subsequently, the tetrabenzo- Chichibabin’s hydrocarbon 1-CS was 
conveniently synthesized as a white solid in 90% yield by a four-fold Suzuki 
coupling reaction between 4-tert-butylphenylboronic acid and the intermediate 
bromide 4-2. Careful choice of the catalyst (Pd(PPh3)4) and base (mixture of 















Scheme 4.1. Synthesis of compound 1-CS and generation of its intermediate 
biradical 1-OS. Reaction conditions: (a) CBr4, PPh3, toluene, reflux, 36 h, 90%; 
(b) 4-tert-butylphenylboronic acid, Pd(PPh3)4, Cs2CO3-K2CO3, toluene/H2O/ 
EtOH, reflux, 48 h, 90%; (c) DDQ/CH3SO3H, CH2Cl2, rt, 12 h, 75%; (d) SnCl2, 
dichloromethane, nearly quantitative yield from 4-3 to 1-CS. 
 
The steady-state absorption and emission spectra of compound 1-CS in 
dichloromethane (DCM) are shown in Figure 4.1(a). Compound 1-CS displays 
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an intense absorption band in the UV-visible region with absorption maximum at 
349 nm (log ε = 5.54; ε: molar extinction coefficient in M-1 cm-1), along with a 
shoulder absorption at 298 nm. Such a band structure is similar to that for the 
known bisanthracenequinone,[24] indicating that the molecule likely has a 
closed-shell ground state like normal acenequinones. Compound 1-CS shows a 
broad emission band with emission maximum at 436 nm, with a moderate 
fluorescence quantum yield of 12%. 1-CS also exhibited clear and sharp 1H 
NMR resonances at room temperature even at elevated temperatures (e.g., 100 
oC), which further confirmed its closed-shell structure in the ground state. Single 
crystals were grown by slow diffusion of methanol into a solution of 1-CS in 
DCM at room temperature. X-ray crystallographic analysis revealed that 1-CS 
existed in a highly contorted, quinoidal structure (Figure 4.1(b)).[25]  
 
Figure 4.1. (a) UV-vis absorption spectrum and normalized emission spectrum 
of compound 1-CS in DCM. (b) single-crystal structure of 1-CS with part of the 
C=C bond labelled with length. 
 
The lengths of the exo methylene bond and the bond between the two 
anthracene units, as labelled in Figure 4.1(b), are 1.340 and 1.352 Å, 
respectively, which are quite close to those in typical olefins (1.33-1.34 Å). Thus 
there is no doubt that 1-CS is a closed-shell species. In contrast to the planar 
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geometry observed for the parent Chichibabin hydrocarbon from its X-ray 
crystallographic structure,[17c] the central bisanthracene units in 1-CS are highly 
twisted due to steric repulsion and the four additional benzene rings attached to 
the biphenyl center behave like the wings of a butterfly, thus, the whole 
molecule looks like a butterfly in the crystal state. The closed-shell ground-state 
structure of 1-CS can be ascribed to the loss of two aromatic sextet rings when 
converted from a quinoidal form to a biradical form (shown in Chart 4.1), which 
makes the quinoidal form thermodynamically more stable. 
Our intention was to conduct an intramolecular oxidative 
cyclodehydrogenation reaction of 1-CS so that a fused, more conjugated 
hydrocarbon can be generated. The ring cyclization reaction was performed 
under the well-developed conditions such as using FeCl3[26] or using 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)/CH3SO3H system[27] in 
DCM. Interestingly, no desired ring-closed or even partially cyclized product 
was found. Alternatively, an unexpected diol 4-3 was separated in good yield 
after quenching the reaction with saturated sodium bicarbonate (Scheme 4.1). 
This unexpected result indicates that the Scholl-type reaction of 1-CS when 
treated with DDQ/H+ or FeCl3 predominantly generated its dication likely at the 
exo methylene sites, which is stabilized by charge delocalization through the 
two phenyl rings and the anthracene units (vide infra). Thus quenching of the 
dication with water provided the diol 4-3. Then the biradical 1-OS can be easily 
generated in nearly quantitative yield by reduction of the diol 4-3 by SnCl2 in 
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various solvents (e.g. toluene, chloroform, DCM, THF etc.) (Scheme 4.1), and 
MALDI-TOF mass spectroscopy revealed the loss of two –OH groups after 
reduction. Interestingly, the biradical 1-OS turned out to be an unstable 
intermediate and it relaxed back to the ground-state quinoidal form 1-CS in an 
unusually slow rate as to be discussed in detail in the next section.  
 
4.2.2 Unusually slow decay from open-shell 1-OS to closed-shell 1-CS. 
The freshly generated biradical 1-OS by reduction of 4-3 with excess SnCl2 in 
toluene displayed a broad long-wavelength absorption band between 680 and 
1050 nm with maximum at 834 nm, together with a strong absorption band 
centred at 507 nm (Figure 4.2(a)). This long-wavelength absorption spectrum 
 
Figure 4.2. (a) Change of UV-vis absorption spectra of the freshly generated 
1-OS biradical with time. (b) ESR spectrum of 1-OS in chloroform recorded at 
room temperature. 
 
is characteristic of typical open-shell PAHs with unpaired electrons. The 
existence of the biradical was further proved by the strong electron spin 
resonance (ESR) signal (g = 2.0029) showing unresolved hyperfine coupling, 
obtained for the fresh 1-OS solution generated in chloroform (Figure 4.2(b)), 





























Figure 4.3. Change of the 1H NMR spectra (500 MHz, CDCl3) of 4-3 with time 
(from top to bottom) after addition of SnCl2. 
 
The time dependant UV-vis-NIR absorption spectra of the newly generated 
biradical underwent a slow decay process (Figure 4.2(a)). That is, the absorption 
spectrum of the biradical 1-OS slowly decreased with time (indicated by the 
arrow) and reached zero absorbance in two days (at the three major absorbances), 
and the final absorption spectrum after decay was identical to that of 1-CS. This 
slow relaxation process was also followed by 1H NMR measurements (Figure 
4.3), which  clearly confirmed a transition from an unstable biradical form 
(1-OS) to a stable quinoidal form (1-CS). The plot of the absorbance (ln(At)) at 
834 nm of the freshly prepared 1-OS in toluene with time revealed a 
mono-exponential decay from the biradical 1-OS to the quinoidal form 1-CS at 
298 K, with a half-life of around 495 min (Figure 4.4(a)). The decay reaction 
rate constant (k) under this condition was determined to be 0.0014 min-1. To  
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Figure 4.4. (a) Mono-exponential decay of the absorbance at 834 nm of the 
freshly generated 1-OS biradical with time at 298 K. (b) ln(k/T) ∼ 1/T plot for 
the decay of 1-OS at variable temperatures, and inserted are the thermodynamic 
data obtained by fitting the data with Eyring equation. 
 
further determine the thermodynamic parameters for this decay process, same 
decay experiments were conducted at different temperatures in toluene and thus 
the decay reaction rate constants at respective temperature were obtained (Figure 
4.5). The value of ln(k/T) was plotted with 1/T and a straight line was obtained 
(Figure 4.4(b)). The data was fitted by Eyring equation 
 
in which k is the reaction rate constant, T is the absolute temperature, ΔH≠ is the 
enthalpy of activation, R is the gas constant, kB is the Boltzmann constant, h is 
the Planck constant and the ΔS≠ is the entropy of activation. Then the 
thermodynamic parameters for such an unusual decay process were obtained, 
with ∆H≠ = 38.5 ± 5.1 kJ•mol-1 and ∆S≠ = -189.5 ± 0.6 J•mol-1•K-1. Accordingly, 
the Gibbs energy of activation ΔG≠ (∆H≠ - T∆S≠) was determined as 95.0 ±2.5 
kJ•mol-1 (22.7 ± 0.6 kcal•mol) at 298 K. The result means that such a transition 
from the biradical form to the quinoidal form requires overcoming a high energy 
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barrier. The large negative ∆S≠ value also indicates a conversion from a 
disordered structure to a highly ordered conformation (i.e., the highly contorted 
butterfly structure for 1-CS). 
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Figure 4.5. Decay of the absorbance at 834 nm of the freshly generated 1-OS 
biradical with time at different temperature: (a) 304 K; (b) 310 K; (c) 317 K; (d) 
323 K; (e) 330 K; (f) 337 K. 
 
DFT calculations (UCAM-B3LYP)[28] were then conducted to provide a further 
understanding of such an unusual decay process. This work was conducted in Prof. 
Kuowei Huang’s group in King Abdullah University of Science and Technology. 
The optimized geometries of the 1-CS and 2-OS are shown in Figure 4.6. 
Molecule 1-CS also has a butterfly-like geometry with a typical quinoidal 
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character, which is in consistent with its single-crystal structure. For 1-OS, it 
possibly exists as a singlet or a triplet biradical. In comparison to the quinoidal 
1-CS, both of the singlet and triplet 1-OS show longer bond lengths for the exo 
methylene bonds and the bond between the two anthracene units (labelled with 
arrow), indicating a distinct open-shell character of 1-OS. In addition, the 
 
Figure 4.6. Calculated geometric structures (with part of the bonds labelled with 
length in Å) and the frontier molecular orbitals of the closed-shell 1-CS and 
open-shell 1-OS both in singlet and triplet states. The bottom shows the spin 
distribution of the singlet and triplet 1-OS. 
 
biradical 1-OS adopts an orthogonal geometry for the bisanthracene core with a 
dihedral angle of nearly 90o, indicating a transition from a quinoidal structure in 
1-CS to a benzenoid form in 1-OS. This results in a large negative change of 
entropy from a disordered to an ordered conformer during the transition from 
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1-OS to 1-CS, which agrees well with the large negative ΔS≠ value determined 
above. 
  Calculations also show that the Gibbs energy of the singlet and triplet 
biradical form 1-OS are located 4.4 and 3.8 kcal/mol higher than the 
closed-shell 1-CS, indicating that the quinoidal resonance form dominates the 
ground-state electronic and geometric structure and the 1-OS can be regarded as 
a meta-stable excited state (see energy diagram in Figure 4.7). The decay 
process mimics the mono-exponential fluorescence decay of a chromophore 
from the excited state to the ground state. In addition, the energy level for the 
triplet 1-OS is slightly lower (0.6 kcal/mol) than that of the singlet 1-OS, thus 
the orthogonal biradical favors a triplet state (or two separated radicals), which 
is also in consistent with the observed paramagnetic signal for the newly 
generated biradical 1-OS. Upon conversion from the free-rotated orthogonal 
biradical to the lower-energy butterfly-like quinoidal form, the molecule must 
overcome a high energy barrier to reach a transition state, in which the zig-zag 
edges of the anthracene units are in close proximity with each other and with the 
four 4-tert-butylphenyl rings so that a conversion to a contorted butterfly 
conformation is possible (Figure 4.7). A considerable energy barrier of 28.2 
kcal/mol was calculated, which is close to the experimental activation energy 
value (22.7 ± 0.6 kcal/mol) measured in solution at 298 K. It is worth noting that, 
in most cases the transformation between the resonance forms of a molecule in 
the ground state are at very short time-scales and cannot be easily detected. 
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However, in this case, because of a high activation energy is needed for 
transition from 1-OS to 1-CS, an unusually slow decay process was observed in 
experiment. 
 
Figure 4.7. Calculated energy diagram for the 1-CS, 1-OS (singlet) and 1-OS 
(triplet) and schematic representation of a transition from a higher-energy 
orthogonal biradical form to a lower-energy butterfly conformer through a 
high-energy transition state. 
 
1-CS displays the largest coefficients for the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) along 
the quinoidal bisanthracenequinodimethane moiety (Figure 4.6), indicating an 
extended π-electron delocalization despite of its highly contorted structure. The 
two unpaired electrons (α and β spin) in the singlet 1-OS show disjoint singly 
occupied molecular orbitals (SOMO), SOMO-α and SOMO-β, with orbital 
coefficients mainly localized at the terminal diphenylmethane units (Figure 4.6), 
indicating a large biradical character for 1-OS. The spin-density distribution 
shows a central symmetry and the terminal diphenylmethane units have the 
largest density while there is still significant spin density distributed on the 
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anthracene units (Figure 4.6), suggesting that the spins are delocalized, which 
can explain the good chemical stability of the intermediate biradical against 
oxidation and dimerization/oligomerization. The SOMO-α and SOMO-β 
profiles and the spin-distribution of the triplet 1-OS indicate that the two spins 
are independent from each other, thus the molecule can be regarded as two 
doublet radicals instead of a strongly coupled triplet biradical. 
 
4.2.3 Synthesis and characterizations of 2-CS/2-CS. 
To further tune the ground-state electronic and geometric structure of the 
tetrabenzo- Chichibabin hydrocarbon, the two di(4-tert-butylphenyl)methane 
groups in 1-CS were replaced by two fluorenyl units. The synthesis of 2-OS was 
based on a similar synthetic concept as shown in Scheme 4.2. The 












Scheme 4.2. Synthetic route of compounds 2-OS and 2-CS. Reaction conditions: 
(a) 1) n-BuLi/THF; 2) 9H-fluoren-9-one, 65%; (b) SnCl2, CH2Cl2, rt, 82%; (c) 
Pd(PBut3)4, CuI, CsF, toluene. 
 
followed by reaction with 9H-fluoren-9-one to give the precursor diol 4-5 in 
65% yield. Subsequent reduction of 4-5 with SnCl2 and purification of the crude 
product by routine column chromatography on silica gel afforded a deep red 
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solid which was identified as the biradical 2-OS. 
MALDI-TOF mass spectrum of this product agrees well with the molecular 
weight of compound 2-OS. A solution of this compound in THF-d8 did not show 
any NMR signals at room temperature even after cooling to -100 oC, indicating 
the presence of considerable paramagnetic species. The UV-Vis-NIR absorption 
spectrum in DCM displayed a very different band structure from that for 1-CS. 
A well-resolved absorption band between 300 and 600 nm was observed while 
the most predominant character is the existence of a long tail into the near 
infrared region (Figure 4.8). A small optical energy gap of 1.28 eV was  
 
Figure 4.8. UV-vis-NIR absorption spectrum of 2-OS and compound 4-12 in 
DCM. 
 
estimated from the onset (970 nm) of the lowest absorption band. A strong ESR 
signal was detected for the sample in various solutions and in the solid state. For 
example, a solution of 2-OS in 2-methyltetrahydrofuran (2-Me-THF) showed a 
well-resolved quintet ESR spectrum with g = 2.0027 at 153 K (Figure 4.9(a)). 
Simulations indicated that most of the hyperfine structure came from two sets of 
two equivalent protons with hyperfine coupling constants of 4.1 G and 3.2 G. 
Chapter 4 
 117
Superconducting quantum interference device (SQUID) measurements were 
conducted for 2-OS in the powder form at 5–380 K. It was found that the 
magnetic susceptibility (χ) of 2-OS was inversely proportional to the 
temperature (Figure 4.9(b)), which can be described well with Curie law for 
paramagnetism. Thus, all these experiments confirmed that the obtained 
compound was the biradical 2-OS instead of the closed-shell form 2-CS. 
Interestingly, 2-OS displayed extremely high stability and there was no obvious 
decomposition when the solution or solid was stored in ambient air and light 
conditions for months, which could be attributed to thermodynamic stabilization 
of the fluorenyl moieties and kinetic stabilization by the anthracene units. 
 
Figure 4.9. (a) CW ESR spectra of 2-OS and 4-12 in 2-Me-THF at 153 K. (b) χ 
and 1/χ versus T curves for the powder of 2-OS in the SQUID measurements. 
 
To further understand the nature of the biradical in 2-OS, an 
anthryl-substituted fluorenyl monoradical 4-12 was also prepared for 
comparison. As shown in Scheme 4.3, Suzuki coupling reaction between 
compound 4-7 and 4-8 gave 4-9 in 94% and bromination of 4-9 with bromine 
provided the monobromide 4-10. Lithiation of 4-10 followed by reaction with 
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9H-fluoren-9-one afforded the compound 4-11 in 95% yield. Subsequent 














Scheme 4.3. Synthesis of compound 4-12. Reaction conditions: (a) Pd(PPh3)4, 
K2CO3-Cs2CO3, toluene, 130 oC, 94%; (b) Br2, FeCl3 (cat.), CS2, 0 oC; (c) 1) 
n-BuLi/ THF; 2) 9H-fluoren-9-one, 95%; (d) SnCl2, CH2Cl2, rt, 90%. 
 
The UV-vis absorption spectrum (Figure 4.8) and the ESR spectrum (Figure 
4.9) of compound 4-12 are very similar to that of 2-OS, indicating that 2-OS is 
more accurately described as two weakly interacting doublet radicals instead of 
a triplet biradical. This is presumably due to the large mean internal 
radical-to-radical distance and the orthogonal arrangement of the two anthracene 
units in 2-OS (vide infra). 
The existence of such a stable biradical indicated that it may represent the 
ground-state structure of the 2-CS/2-OS. To confirm this, synthesis of the 
closed-shell structure 2-CS was also attempted (Scheme 4.2). This was done by 
the Still coupling reaction between compound 4-2 and 
9,9-dimethyl-9-stannafluorene 4-6[30] in the presence of Pd(PBut3)4 as catalyst 
(Scheme 4.2). However, the biradical form 2-OS was generated instead of the 
closed-shell 2-CS. This indicated that the closed-shell form 2-CS was formed as 
an unstable intermediate compound which quickly undergoes relaxation to its 
more stable open-shell biradical form 2-OS.  The product of 2-OS cannot be 
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separated in pure form by this method due to the contamination with other 
side-products including a ring-opening oligomer of 4-6, which was identified by 
X-ray single-crystal analysis. However, the formation of 2-OS can be 
unambiguously identified by MALDI-TOF mass spectrum and UV-vis 
absorption measurements, which are identical to those for pure 2-OS. Therefore, 
the ground state of 2-CS/2-OS can be defined as the open-shelled biradical, 
which is in contrast to the 1-CS/1-OS pair. 
Similar theoretical calculations were conducted for 2-CS/2-OS (Figure 4.10). 
Consistent with the experimental observations, calculations also predicted that 
the triplet biradical state (2-OS) has a lower energy than its close-shell form 
2-CS (+6.2 kcal/mol) and singlet biradical form (+0.6 kcal/mol). The 
closed-shell 2-CS adopted a contorted butterfly conformation with characteristic 
bond lengths (as labelled with arrows, 1.353, 1.373 Å respectively) for a 
quinoidal hydrocarbon (Figure 4.10), which is similar to 1-CS. The open-shell 
triplet 2-OS has an orthogonal geometry due to steric congestion, similar to that 
for 1-OS. The frontier molecular orbital profiles of 2-CS revealed that the 
electrons are mainly delocalized through the π-extended quinodimethane part at 
the middle of the molecule for both HOMO and LUMO. In contrast to 2-CS, the 
SOMOs of the α and β spins in 2-OS exhibit an extended delocalization to the 
fluorenyl unit. Thus, the triplet 2-OS showed large spin density at the fluorenyl 
moiety (Figure 4.10). The large spin delocalization through the fluorenyl anthryl 




Figure 4.10. Calculated geometric structures (part of the bonds labeled with 
length) and frontier molecular orbital profiles of 2-CS and 2-OS (triplet). The 
right side is the spin distribution of 2-OS in triplet state. 
 
4.2.4. Electrochemical properties of 1-CS/2-OS and their dication 
1-CS2+/2-OS2+. 
Cyclic voltammetry was performed in order to investigate electrochemical 
properties of 1-CS and 2-OS. 1-CS in DCM exhibited one chemically 
irreversible reductive wave with a half-wave potential Ered at -1.27 V (vs Fc+/Fc) 
and the first oxidative scan revealed an intense chemically irreversible oxidation 
wave above 0.73 V (Figure 4.11(a)). However, the reverse scan from the high 
oxidation state back to -0.6 V showed two closely overlapped quasi-reversible 
reduction waves. The 2nd and 3rd circle scans showed that the same redox waves 
existed. This observation suggested that subsequent chemical reaction may 
happen after the oxidation of 1-CS at high potential (>0.73 V), so that a new 
redox active species with lower oxidation potential is generated. Electrolysis of 
the 1-CS in DCM was then conducted at 1.0 V by using a large Pt plate 
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electrode and the mixture was monitored by MALDI-TOF mass spectroscopy. 
Interestingly, the mass spectrum of the mixture revealed the existence of the 
starting material and a species with the loss of exact twelve hydrogen atoms. 
Thus intramolecular oxidative cyclodehydrogenation likely happened at high 
oxidation potentials which gave the fully fused hydrocarbon 1-CS-closed by  
-12H
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Figure 4.11. Cyclic voltammograms of 1-CS (a), 2-OS (b) and compound 4-12 
(c) in dry DCM with 0.1 M Bu4NPF6 as supporting electrolyte, Ag/AgCl as 
reference electrode, Au disk as working electrode, Pt wire as counter electrode, 
and scan rate at 100 mV/s. 
 
losing twelve hydrogen atoms (inserted structure shown in Figure 4.11(a)).[31] 
Compound 2-OS exhibited two reversible oxidation waves with half-wave 
potentials Eox1 = 0.38 V and Eox2 = 0.52 V (vs Fc+/Fc), and one quasi-reversible 
reduction wave with a half-wave potential Ered = -0.98 (vs Fc+/Fc) (Figure 
4.11(b)). The energy levels of the HOMO and LUMO were determined to be 
-5.10 eV and -3.87 eV, respectively, from the onset potentials of the oxidation 
and reduction waves. Thus a low electrochemical energy gap (EgEC) of 1.23 eV 
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was determined for 2-OS, which was consistent with its optical energy gaps 
(EgOpt = 1.28 eV). Such a small energy gap promoted 2-OS to be an open-shell 
biradical in the ground state. The two oxidative waves suggest that compound 
2-OS can be oxidized to its monoradical cation and dication after loss of one 
and two unpaired electrons. For comparison, the monoradical 4-12 showed one 
reversible oxidation wave at Eox = 0.37 V and one reversible reduction wave at 
Ered = -1.04 V (Figure 4.11(c)), with HOMO and LUMO energy levels being 
-5.10 eV and -3.84 eV, respectively. 
 
Figure 4.12. UV-vis-NIR absorption spectra of 1-CS (a), 2-OS (b) and 
compound 4-12 (c) upon oxidative titration with FeCl3 in dry DCM, and  
absorption spectrum of 2-OS in concentrated H2SO4 (d). 
 
The low oxidation potentials observed for 1-CS and 2-OS allowed us to 
approach their cationic species (monoradical cation and dication) by chemical 
oxidation. Instead of using highly reactive and expensive oxidants such as super 
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acid SbF5/SO2ClF which are usually used for generating aromatic or 
anti-aromatic carbocations of hydrocarbons at very low temperature.[32] We 
found that a mild oxidant such as FeCl3 could be used for the oxidation of 
1-CS/2-OS into their corresponding dications in nearly quantitative yield at 
room temperature. Chemical oxidative titration of compounds 1-CS and 2-OS 
by FeCl3 were conducted in dry DCM and the progress was monitored by 
UV-Vis-NIR spectroscopy (Figure 4.12(a) and 4.12(b)). Both compounds can be 
oxidized by FeCl3 into stable cationic species and the absorbance reached a 
saturation state when two equivalent of FeCl3 was used, indicating formation of 
stable dications. This is in consistent with the previous observation that 
attempted cyclodehydrogenation of 1-CS with FeCl3 followed by quenching 
with aqueous solution gave the diol 4-3. A new sharp and intense absorption 
band at 500 nm and a broad absorption band centred at 832 nm were observed 
for the dication 1-CS2+. Similarly, for 2-OS, titration with FeCl3 finally led to a 
well-resolved band with maximum at 528 and 475 nm, and a new broad band 
with maximum at 1130 nm for the dication 2-OS2+. It should be noted that in 
both cases, the broad bands were red shifted obviously during the titration 
before reaching the final state, indicating the existence of both monoradical 
cation and dication at the intermediate stage. Under the same condition, 
compound 4-12 can be progressively oxidized by FeCl3 into its monocation 
(Figure 4.12(c)) and a broad band centred at 1027 nm together with a 
well-resolved band at 500/458 nm were observed. The band structure was 
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similar to that for 2-OS2+ due to their similar chemical structure. 
Although the preparation of the parent 9-flourenyl cation in sulfuric acid is 
difficult due to rapid decomposition and polymerization to unidentifiable 
products,[33] we found that oxidation of 2-OS in the concentrated sulfuric acid 
gave a stable dication 2-OS2+ which permitted us to perform UV-vis-NIR 
absorption and 1H NMR spectroscopic measurements. As shown in Figure 
4.12(d), the UV-Vis-NIR spectrum of compound 2-OS in concentrated H2SO4 is 
nearly identical to that for the dication 2-OS2+ generated from oxidation of 2-OS 
with FeCl3, indicating that the dication species was formed upon mixing 2-OS 
with concentrated H2SO4. The 1H NMR spectrum of 2-OS2+ can thus be 
recorded in D2SO4 by dissolving 2-OS in D2SO4. Well-resolved aromatic proton 
resonances appeared after two hours and could be obviously assigned to eight 
sets of protons of the dication 2-OS2+ (Figure 4.13). It was found that all of 
 
Figure 4.13. 1H NMR spectrum (500 MHz) of 2-OS2+ recorded in D2SO4. 
 
aromatic resonances were shifted to high field compared to that of the diol 4-7, 
especially the protons on the fluorenyl unit (protons e, f, g, h), which suggested 
an anti-aromatic nature of the cyclopentadienyl cation. The dication solution in 
sulfuric acid was quite stable and showed no change after storage at room 
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temperature for several weeks. However, oxidation of the 1-CS and compound 
4-12 with concentrated H2SO4 led to a complicated mixture due to 
decomposition of the starting materials which could be related to the chemical 
reaction of tert-butyl group under strong acidic reaction.  
 
Figure 4.14. Calculated frontier molecular orbital profiles and the charge 
density distribution of 1-CS2+ and 2-OS2+. 
 
 DFT (UCAM-B3LYP) calculations were conducted to further understand the 
stability of the dications 1-CS2+ and 2-OS2+. In both cases, high HOMO 
coeficients are mainly found at the anthracene units while the LUMO coeficients 
are mainly localized at the diphenylmethane or fluorenyl moieties (Figure 4.14). 
The charge density distribution indicated that the positive charges are mainly 
localized at the methane cation site but also delocalized through the anthracene 
units and the diphenyl or fluorenyl moieties. Such a charge delocalization should 
account for the good stability of the dications 1-CS2+ and 2-OS2+. 
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4.2.5 FT Raman spectra of 1-CS/2-OS and their dications. 
To scrutinize the intrinsic structure of 1-CS/2-OS in neutral state and their 
corresponding dications 1-CS2+/2-OS2+, FT Raman experiments were conducted 
and provided further structure-property relationships between the closed-shell 
and open-shell species.[34] This work was conducted in our collaborator 
Professor Juan Casado’s group. FT-Raman spectra of 1-CS and 2-OS in their 
neutral states are shown in Figure 4.15 and there is a large difference between 
the two spectra in the 1600 cm-1 region. The spectrum of 1-CS has clear 
signatures of benzo-quinoidal rings (i.e., band at 1596 cm-1) together with a 
band at a position close to that of usual conjugated C=C bond stretches (i.e., 
band at 1612 cm-1), which indicates that the structure of 1-CS is compatible with 
a closed-shell electronic configuration. The spectrum of 2-OS, however, with 
the strongest band at 1560 cm-1, reveals its anthracene-like structure originated 
by the stabilization of the open-shell aromatized species. On the other hand, the 
strong background of fluorescence observable in the baseline of the Raman 
spectrum is another indication of the anthracene-like character of the ground 
electronic state of 2-OS. The evolution from a closed-shell structure in 1-CS to 
an open-shell structure in 2-OS as delineated by the Raman spectra can be 
interpreted by the larger stabilization energy of the radical center in a planar 




Figure 4.15. 1064 nm FT-Raman spectra of neutral and oxidized 1-CS (bottom: 
solid and dotted line respectively) and of neutral and oxidized 2-OS (top: solid 
and dotted line respectively). 
 
These two samples were oxidized to their corresponding dications by FeCl3 in 
dry DCM and the FT-Raman spectra of the oxidized species in solution are also 
shown in Figure 4.15. Interestingly, the two spectra now become similar, 
suggesting that both species share a similar chemical structure in their charged 
ground electronic states. The appearance of the intense band in the two oxidized 
species around 1570 cm-1 might be assigned to the anthracene-like structure of 
the two molecular cores which is in accordance with the formation of the 
corresponding carbocations either in the fluorenyl center in 2-OS or in the 
diphenylmethane center in 1-CS. So, our Raman spectroscopic measurements 
clearly revealed the ground-state electronic structures of 1-CS/2-OS and their 





4.2.6 Femtosecond transient absorption and two-photon absorption  
spectroscopic measurements. 
Femtosecond transient absorption (TA) measurements were carried out in 
toluene to investigate the excited state dynamics of 1-CS and 2-OS (Figure 4.16  
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Figure 4.16. Femtosecond transient absorption spectra (a), decay-associated 
spectra (b), and time decay profiles (c-f) of 1-CS in toluene measured at room 
temperature (296 K). Excitation wavelength is 380 nm. 
 
and figure 4.17), and to explore the effects of open-shell electronic structure on 
the excited-state photophysical properties of 1-CS and 2-OS. This work was 
conducted in our collaborator Prof. Dongho Kim’s group in the Yonsei 
University. For compound 1-CS, the excited-state absorption (ESA) signals 
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around 700 nm become narrower and shifted to 620 nm within an initial 15 ps, 
probably due to the conformational change through the internal conversion 
process from the higher excited state. The two decay-associated spectra indicate 
the TA spectra before and after vibrational relaxation processes, respectively. 
Then, the lowest singlet excited state lifetime was estimated to be 96 ps for 
1-CS. In the case of 2-OS, the broad ESA signal was observed in the whole 
visible region. The decay profile probed at 736 nm was estimated to be 24 ps by 
fitting with a single exponential function. Compared to the closed-shell 1-CS, 
the open-shell derivative 2-OS has a short-lived excited state lifetime, which is 
consistent with the non-fluorescent behavior to 2-OS. 
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Figure 4.17. Femtosecond transient absorption spectra (a) and time decay 
profile (b) of 2-OS in toluene measured at room temperature (296 K). Excitation 
wavelength is 500 nm. 
 
To investigate the NLO properties of the biradical 2-OS, two-photon 
absorption measurements were conducted by using the open-aperture Z-scan 
method with 130 fs pulses in the NIR region from 1200 to 1500 nm where 
one-photon absorption (OPA) contribution is negligible. As shown in Figure 
4.18, although 2-OS has quite a small OPA absorption coefficient, it showed a 
large TPA cross section in the wavelength region with the maximum value as 
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760 GM at 1200 nm. In comparison with typical hydrocarbon chromophores, 
which only exhibited a small TPA value at the long wavelength, a relatively 
larger cross section for compound 2-OS was obtained, and comparable to the 
achieved value of other open-shell PAH molecules (300-890 GM)4 in the same 
region of photoexcitation. This result can be reasonably understood by the 
unusual ground-state electronic structure of 2-OS with distinct biradical 
character. The measurement on the closed-shell 1-CS however was limited by its 
too short absorption wavelength, which is out of the range of the 
photo-excitation wavelength of our facilities. 
 
Figure 4.18. (a) OPA (black solid line and left vertical axis) and TPA spectra 
(blue symbols and right vertical axis) of 2-OS in chloroform. TPA spectra are 
plotted at λex/2. (b) Z-scan curves of 2-OS by photoexcitation in the range from 
1200 to 1500 nm. 
 
4.3 Conclusions 
In summary, two new stable tetrabenzo- Chichibabin’s hydrocarbons were 
synthesized by a new strategy and their electronic structure and geometry in the 
ground state were investigated by various experiments assisted by DFT 
calculations. Their ground-state structures are tunable, with 1-CS as a 
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closed-shell hydrocarbon while 2-OS as an open-shell biradical. Such a 
difference can be explained by an enhanced thermodynamic stabilization of the 
biradicaloid resonance form when the di(4-tert-butylphenyl)methane groups in 
1-CS are replaced by fluorenyl units in 2-OS. The extremely high stability of the 
biradical 2-OS can be ascribed to thermodynamic stabilization by delocalization 
and kinetic blocking by the anthracene units. Their excited states are also 
approachable by chemistry and an unusually slow transition from the orthogonal 
1-OS to a highly contorted butterfly-like 1-CS was observed which can be 
explained by a very large energy barrier arising from steric repulsion during the 
transition. A quinoidal form 2-CS represents the excited state of 2-OS and it 
quickly relaxes back to the ground state during the chemical synthesis. The 
nature of the biradical in 2-OS was confirmed to be two doublet radicals instead 
of a strongly coupled triplet biradical after comparing with the monoradical 
model compound 4-12. Both compounds can be oxidized into stable dications 
by chemical oxidation. FT Raman spectroscopy provided further structural 
information, such as a quinoidal form for 1-CS and a benzenoid form for 2-OS, 
1-CS2+ and 2-OS2+, which is in consistent with other experimental data. 
Moreover, the open-shell 2-OS exhibited a large TPA cross section value (760 
GM) at long wavelength (1200 nm), indicating promising potential applications 





4.4 Experimental Section 
4.4.1 General experimental methods 
Steady-state UV-vis absorption and fluorescence spectra were recorded on a 
Shimadzu UV-1700 spectrometer and a RF-5301 fluorometer, respectively. The 
electrochemical measurements were carried out in anhydrous DCM with 0.1M 
Bu4NPF6 as the supporting electrolyte at a scan rate of 0.05 V/s at room 
temperature under the protection of nitrogen. A gold disk was used as working 
electrode, platinum wire was used as counting electrode, and Ag/AgCl (3 M KCl 
solution) was used as reference electrode. The potential was externally 
calibrated against the ferrocene/ferrocenium couple.  Continuous wave X-band 
ESR spectra were obtained with a Bruker ELEXSYS E500 spectrometer using a 
variable temperature Bruker liquid nitrogen cryostat. A superconducting 
quantum interference device magnetometer MPMS-XL was used for the 
magnetic characterization. The temperature-dependent magnetic susceptibility 
(χmol) was measured for the 2-OS under a constant magnetic field of 1000 Oe in 
the temperature range of 5-380 K. 
 FT–Raman spectra were measured using an FT–Raman accessory kit 
(FRA/106–S) of a Bruker Equinox 55 FT–IR interferometer. A continuous–wave 
Nd–YAG laser working at 1064 nm was employed for excitation, at a laser 
power in the sample not exceeding 30 mW. A germanium detector operating at 
liquid nitrogen temperature was used. Raman scattering radiation was collected 
in a back–scattering configuration with a standard spectral resolution of 4 cm-1. 
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2000 scans were averaged for each spectrum. A variable-temperature cell Specac 
P/N 21525, with interchangeable pairs of quartz windows, was used to record 
the FT-Raman spectra at different temperatures. The variable temperature cell 
consists of a surrounding vacuum jacket (0.5 Torr), and combines a refrigerant 
Dewar and a heating block as the sample holder. It is also equipped with a 
copper constantan thermocouple for temperature monitoring between -170 and 
150 oC. Samples were inserted into the heating block part or the Dewar/cell 
holder assembly in the form of pure solids dispersed in KBr pellets, and Raman 
spectra were recorded after waiting for thermal equilibrium in the sample. The 
samples in KBr pellets were prepared in an oxygen and water-free bag. 
 The femtosecond time-resolved transient absorption spectrometer used for 
this study consisted of a femtosecond optical parametric amplifier (Quantronix, 
Palitra-FS) pumped by a Ti:sapphire regenerative amplifier system (Quantronix, 
Integra-C) operating at 1 kHz repetition rate and an accompanying optical 
detection system. The generated OPA pulses had a pulse width of ~100 fs and an 
average power of 1 mW in the range 450 to 800 nm, which were used as pump 
pulses. White light continuum (WLC) probe pulses were generated using a 
sapphire window (2 mm thick) by focusing of small portion of the fundamental 
800 nm pulses, which were picked off by a quartz plate before entering into the 
OPA. The time delay between pump and probe beams was carefully controlled 
by making the pump beam travel along a variable optical delay (Newport, 
ILS250). Intensities of the spectrally dispersed WLC probe pulses were 
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monitored by miniature spectrograph (OceanOptics, USB2000+). To obtain the 
time-resolved transient absorption difference signal (ΔA) at a specific time, the 
pump pulses were chopped at 25 Hz and absorption spectra intensities were 
saved alternately with or without pump pulse. Typically, 6000 pulses were used 
excite samples and to obtain the TA spectra at a particular delay time. The 
polarization angle between pump and probe beam was set at the magic angle 
(54.7o) using a Glan-laser polarizer with a half-wave retarder to prevent 
polarization-dependent signals. The cross-correlation fwhm in the pump-probe 
experiments was less than 200 fs, and chirp of WLC probe pulses was measured 
to be 800 fs in the 400-800 nm regions. To minimize chirp, all reflection optics 
were used in the probe beam path, and a quartz cell of 2 mm path length was 
employed. After completing each set of fluorescence and TA experiments, the 
absorption spectra of all compounds were carefully checked to rule out the 
presence of artifacts or spurious signals arising from, for example, degradation 
or photo-oxidation of the samples in question.  
  The two-photon absorption spectrum was measured in the NIR region using 
the open-aperture Z-scan method with 130 fs pulses from an optical parametric 
amplifier (Light Conversion, TOPAS) operating at a repetition rate of 3 kHz 
generated from a Ti:sapphire regenerative amplifier system (Spectra-Physics, 
Hurricane). After passing through a 10 cm focal length lens, the laser beam was 
focused and passed through a 1 mm quartz cell. Since the position of the sample 
cell could be controlled along the laser beam direction (z axis) using the 
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motorcontrolled delay stage, the local power density within the sample cell 
could be simply controlled under constant laser intensity. The transmitted laser 
beam from the sample cell was then detected by the same photodiode as used for 
reference monitoring. The on-axis peak intensity of the incident pulses at the 
focal point, I0, ranged from 40 to 60 GW cm-2. For a Gaussian beam profile, the 
nonlinear absorption coefficient can be obtained by curve fitting of the observed 















where α0 is the linear absorption coefficient, l is the sample length, and z0 is the 
diffraction length of the incident beam. After the nonlinear absorption 
coefficient has been obtained, the TPA cross section σ(2) of one solute molecule 
(in units of GM, where 1 GM = 10-50cm4 s photon-1 molecule-1) can be 







where NA is the Avogadro constant, d is the concentration of the compound in 
solution, h is the Planck constant, and ν is the frequency of the incident laser 
beam. 
Theoretical calculations were carried out by using the Gaussian09 suite of 
programs. The initial geometry optimization of 1-CS/1-OS and 2-CS/2-OS was 
performed with the UCAM-B3LYP level of theory, and the Handy and 
coworkers’ long range corrected version of B3LYP 6-31G* and all electron basis 
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sets were employed for all atoms.[28, 35] The resulting DFT solution (singlet 
“closed-shell”: zero spin density on all atoms) was further tested for its stability 
with the STABLE=OPT keyword. A spin symmetry broken DFT solution was 
found with lower energy for 2-OS. Then the Guess=Read keyword was used to 
perform the optimization at the UCAM-B3LYP level. Frequency calculations 
were conducted to ensure that these structures are indeed local minima. 
 
4.4.2 Compound Synthesis and Characterization Data 
Synthesis of 11,11,11’,11’-tetrabromo-10,10-bianthraquinodimethane (4-2): 
A mixture of CBr4 (5.1 g, 7.8 mmol) and PPh3 (8.2 g, 31.2 mmol) in dry toluene 
(400 mL) was stirred for one hour at room temperature under nitrogen 
atmosphere. Then compound 4-1 (1.5 g, 3.9 mmol) was added and the mixture 
was heated to 130 oC for 48 h. After cooling to the room temperature, the 
precipitate was filtered and washed with methanol and acetone/DCM (10:1) to 
give compound 4-2 (1.84 g) as a white solid. The filtrate was concentrated to 1/5 
volume and cooled to 0 oC, and the white solid precipitated from mixture was 
filtered and washed with acetone to afford another part of product (0.6 g). 
Compound 4-2 was obtained in total 90% yield. 1H NMR (CDCl3, 500 MHz) δ 
ppm: 7.89 (d, 4H, J = 7.5 Hz, Ar), 7.21 (t, 4H, J = 7.5 Hz, Ar), 7.09 (d, 4H, J = 
7.0 Hz, Ar), 7.01 (t, 4H, J = 7.0 Hz, Ar). It’s difficult to record 13C NMR due to 
its poor solubility in normal solvents. HR-MS (EI): m/z = 695.7945, calcd. for 
C30H16Br4; found, m/z = 695.7945. 
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Synthesis of compound 4-3:  
Method A: A solution of compound 1-CS (500 mg, 0.55 mmol) in DCM (50 mL), 
was added 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (750 mg, 3.30 
mmol) and CH3SO3H (5.5 mL) under nitrogen atmosphere. The mixture was 
stirred for 12 hours at room temperature. Then it was diluted with DCM (50 mL) 
and quenched with saturated NaHCO3 (20 mL). The organic layer was washed 
by water and dried over anhydrous MgSO4. The solvent was removed under 
vacuum and the residue was purified by silica gel column chromatography using 
CHCl3/acetone (100/1, v/v) as eluent to give compound 4-3 (390 mg) as a light 
yellow solid in 75% yield. 
Method B: Compound 1-CS (100 mg, 0.11 mmol) was disolved in anhydrous 
DCM (40 mL) in a 100 mL two-neck round-bottom flask and a constant stream 
of argon was bubbled through the solution using a glass capillary. Anhydrous 
FeCl3 (214 mg, 1.32 mmol) dissolved in CH3NO2 (1.5 mL) was then added 
dropwise using a syringe. After 2 h, the reaction was quenched by water (100 
mL). The organic layer was washed sequentially with 5% NaHCO3 solution (10 
mL) and saturated NaCl solution (10 mL), dried over anhydrous Na2SO4, 
filtered and the solvent was removed under reduced pressure. The residue was 
purified by column chromatography CHCl3/acetone (100/1, v/v) to afford 
compound 4-3 as a light yellow solid (52 mg, 50%). 1H NMR (CDCl3, 500 MHz) 
δ ppm: 8.06-8.08 (m, 4H, Ar), 7.38-7.42 (m, 16H, Ar), 7.11-7.13 (m, 4H, Ar), 
7.99-7.01 (m, 8H, Ar), 3.25 (s, 2H, OH), 1.35 (s, 36H, CH3). 13C NMR (CDCl3, 
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125 MHz) δ ppm: 150.5, 145.7, 140.2, 135.5, 131.9, 130.5, 126.4, 127.5, 127.3, 
125.4, 124.6, 123.5, 84.0, 34.5, 31.2. HRMS (FAB+): calcd for C70H70O2, 
942.5376; found, 942.5366 (error = -1.06 ppm). 
Synthesis of compound 4-5: A flame-dried 50 mL Schlenk tube was added 
compound 4-4 (500 mg, 0.98 mmol) and dry THF (25 mL) under nitrogen 
atmosphere. The solution was cooled to -78 oC and n-BuLi solution (1.6 M in 
hexane, 1.46 mL, 2.24 mmol) was slowly added. The mixture was stirred for one 
hour at -78 oC and then 9H-fluoren-9-one (350 mg, 1.90 mmol) solution in THF 
(2 mL) was added by syringe. The solution was slowly warmed to room 
temperature and stirred for 3 days at room temperature until a clear solution was 
obtained. Upon completion of the reaction as monitored by TLC, the solution 
was quenched by water and extracted by CHCl3 (150 mL). The organic layer 
was washed by water and dried over anhydrous MgSO4. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, CHCl3/acetone = 100/1, v/v). The title product was further washed 
with CH3OH (5 mL) to give compound 4-5 as a light yellow solid (455 mg, 
65%). 1H NMR (CDCl3, 500 MHz) δ ppm: 9.90 (d, J = 9.0 Hz, 2H, Ar), 
7.90-7.92 (m, 4H, Ar), 7.45-7.54 (m, 10H, Ar), 7.27-7.31 (m, 4H, Ar), 7.18-7.19 
(m, 4H, Ar), 7.13 (d, J = 9.5 Hz, 2H, Ar), 7.00 (d, J = 8.5 Hz, 2H, Ar), 6.85 (t, J 
= 7.8 Hz, 2H, Ar), 6.73 (t, J = 7.8 Hz, 2H, Ar), 2.83 (s, 2H, OH); 13C NMR 
(CDCl3, 125 MHz) δ ppm: 152.5, 138.8, 135.6, 133.9, 132.6, 131.8, 131.3, 
129.3, 128.9, 128.4, 127.7, 127.2, 126.1, 125.0, 124.9, 124.6, 124.4, 123.8, 
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121.0, 87.2.; HR-MS (EI): m/z = 714.2559, calcd. for C54H34O2; found, m/z = 
714.2587(error = +3.9 ppm).  
Synthesis of 9-(3,5-di-tert-butylphenyl)anthracene (4-9): 9-Bromoanthracene 
(1.7 g, 6.6 mmol) and 3,5-tert-butylphenylboronic acid (1.9 g, 8.1 mmol) were 
dissolved in toluene (40 mL) under nitrogen atmosphere. K2CO3 (8.0 g, 57.9 
mmol) dissolved in water (20 mL), Cs2CO3 (2 g, 6.1 mmol) and Pd(PPh3)4 (289 
mg, 0.25 mmol) were then added. After flushing with nitrogen, the reaction 
mixture was stirred at 130 °C for 24 hours. After cooling and removal of the 
solvents, the crude product was purified by column chromatography (silica gel, 
hexane) to give compound 4-9 (2.3 g) in 94 % yield. 1H NMR (CDCl3, 500 
MHz) δ ppm: 8.50 (s, 1H, Ar), 8.06 (d, J = 8.5 Hz, 2H, Ar), 7.74 (d, J = 8.8 Hz, 
2H, Ar), 7.54 (s, 1H, Ar), 7.48 (t, J = 7.5 Hz, 2H, Ar), 7.37 (t, J = 7.6 Hz, 2H, 
Ar), 7.30 (s, 2H, Ar), 1.41 (s, 18H, CH3); 13C NMR (CDCl3, 125 MHz) δ ppm: 
150.55, 138.53, 137.63, 131.45, 130.29, 128.28, 127.18, 126.16, 125.59, 125.12, 
125.01, 120.90, 34.98, 31.60; HR-MS (EI): m/z = 366.2348, calcd. for C28H30; 
found, m/z = 366.2346 (error = - 0.3 ppm). 
Synthesis of 9-bromo-10-(3,5-di-tert-butylphenyl)anthracene (4-10): A 
mixture of compound 4-9 (2.15 g, 5.87 mmol) and catalytic amount FeCl3 (5 mg) 
in CS2 (30 mL) was stirred at 0 oC. Br2 (0.3 mL, 5.87 mmol) was added 
dropwise and the mixture was stirred for 1 hour at 0 oC, then warmed to the 
room temperature and stirred overnight. After removal of the solvent, the residue 
was washed by a large amount of methanol to afford the title compound 4-10. 
Chapter 4 
 140
The crude product contains a small amount of starting material which is difficult 
to be removed due to similar polarity, thus it was used directly for next step. 
Synthesis of 9-(10-(3,5-di-tert-butylphenyl)anthracen-9-yl)-9H-fluoren-9-ol 
(4-11): A solution of compound 4-10 (500 mg, 1.12 mmol) in dry THF (25 mL) 
was cooled to -78 oC under argon atmosphere and then n-BuLi (2.0 M in 
cyclohexane, 0.62 mL, 1.23 mmol) was added slowly. The solution was stirred 
at -78 oC for one hour and then 9H-fluoren-9-one (202 mg, 1.12 mmol) in THF 
(2 mL) was added and the mixture was slowly warmed to room temperature and 
stirred overnight. Upon completion of the reaction as monitored by TLC, the 
solution was quenched by water and extracted by CHCl3 (100 mL). The organic 
layer was washed by water and dried over anhydrous MgSO4. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, CHCl3) to afford the title compound 4-11 as a light yellow solid (582 
mg, 95%). 1H NMR (CDCl3, 500 MHz) δ ppm: 9.81 (d, J = 9.2 Hz, 1H, Ar), 
7.87 (d, J = 7.6 Hz, 2H, Ar), 7.75 (d, J = 8.9 Hz, 1H, Ar), 7.520-7.58 (m, 3H, Ar), 
7.44 (t, J = 7.1 Hz, 2H, Ar), 7.39 (s, 1H, Ar), 7.36-7.37 (m, 2H, Ar), 7.20 (t, J = 
7.1 Hz, 2H, Ar), 7.02-7.06 (m, 2H, Ar), 6.73-6.76 (m, 1H, Ar), 2.69 (s, 2H, OH), 
1.39 (s, 18H, CH3); 13C NMR (CDCl3, 125 MHz) δ ppm: 152.49, 150.53, 140.36, 
138.81, 138.25, 132.75, 131.69, 131.36, 130.12, 129.12, 128.76, 128.63, 128.24, 
127.98, 127.47, 125.92, 125.52, 124.83, 124.24, 124.10, 123.86, 123.52, 120.95, 
120.87, 87.08, 34.99, 31.60; HR-MS (EI): m/z = 546.2923, calcd. for C41H38O; 
found, m/z = 546.2937 (error = +2.6 ppm).  
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Synthesis of Compound 4-12: Under a nitrogen atmosphere, a solution of 
compound 4-11 (80 mg, 0.147 mmol ) in dry DCM (30 mL) was added SnCl2 
(139 mg, 0.735 mmol). The mixture was stirred at room temperature overnight. 
The solvent was removed under reduced pressure and the residue was purified 
by column chromatography (silica gel, hexane) to give the title compound 4-12 
as a red solid (70 mg, 90 %). MS (HR EI, m/z): caldc for C41H37, 529.2895; 
found, 529.2898 (error = + 0.6 ppm). No NMR spectrum can be recorded due to 
the paramagnetic property. 
Synthesis of tetrabenzo- Chichibabin’s hydrocarbon 1-CS: A mixture of 4-2 
(500 mg, 0.72 mmol), 4-tert-butylphenylboronic acid (1.302 g, 7.23 mmol), 
K2CO3 (1.0 g, 7.23 mmol), Cs2CO3 (940 mg, 2.89 mmol), and Pd(PPh3)4 (330 
mg, 0.029 mmol) in the mixed solvents of toluene (100 mL), ethanol (1 mL) and 
water (3.6 mL) was degassed and purged with argon three times. The mixture 
was heated to 130 °C for 48 h. After cooling, the reaction mixture concentrated 
in vacuum and then diluted with DCM (200 mL), and washed with water (100 
mL) and brine (100 mL). The combined organic extracts were dried over 
anhydrous Na2SO4 and filtered, and the solvent was removed in vacuo. The 
residue was then purified by column chromatography (silica gel, DCM/Hexane 
= 1:10) to afforded the desired product (600 mg, 90%) as a white solid. 1H NMR 
(CDCl3, 500 MHz): δ = 7.41 (d, J = 8.5 Hz, 8H, Ar), 7.32 (d, 8H, J = 8.5 Hz, Ar), 
7.15 (d, 4H, J = 7.5 Hz, Ar), 7.08 (d, 4H, J = 7.5 Hz, Ar), 6.87 (t, 4H, J = 7.0 Hz, 
Ar), 6.82 (t, 4H, J = 7.0 Hz, Ar), 1.32 (s, 36H, CH3) ppm; 13C NMR (CDCl3, 75 
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MHz): δ = 149.41, 139.98, 139.64, 138.89, 137.59, 135.07, 132.14, 129.28, 
128.64, 128.24, 125.46, 125.08, 124.74, 34.47, 31.38 ppm; MS (HR EI, m/z): 
caldc for C70H68, 908.5321; found, 908.5329 (error = + 0.9 ppm). 
Synthesis of tetrabenzo-Chichibabin’s hydrocarbon 2-OS: Under a nitrogen 
atmosphere, a solution of 4-5 (105 mg, 0.147 mmol ) in dry DCM (30 mL) was 
added SnCl2 (139 mg, 0.735 mmol). The mixture was stirred overnight at room 
temperature under a nitrogen atmosphere. The solvent was removed under 
reduced pressure. Then the residue was purified by column chromatography 
(silica gel, chloroform/Hexane = 1:20) to give compound 2-OS as a red solid 
(82 mg, 82%). MS (HR APCI, m/z): caldc for C54H32, 680.2504; found, 
680.2506 (error = + 0.3 ppm). No NMR signal at room temperature even low 
temperature (-100 °C). The purity was further determined by HPLC analysis 
with a silica column by using different eluents. Under variable conditions, only 
one elution peak was observed, indicating high purity of this compound. 
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Chapter 5: Stable Quinoidal Rylenes with  
Tunable Ground State 
 
5.1. Introduction 
Open-shell polycyclic aromatic hydrocarbons (PAHs) featuring one or more 
unpaired electron have attracted great interest of chemists with their unique 
electronic structures, small HOMO-LUMO energy gap and related properties.[1] 
Among the most representative examples of such species, p-quinodimethane 
(p-QDM) and its derivatives have been the most extensively studied by 
physicochemical methods.[2] p-QDM itself polymerized very readily and could 
be kept monomeric in the condensed phase only in dilute solution at very low 
temperature.[3] Tetracyano groups substituted quinodimethane, the 
7,7,8,8-tetracyanoquinodimethane (TCNQ), was sufficiently stable to permit 







p-QDM TCNQ TCNDQ TCNP  
Figure 5.1. Chemical structures of p-QDM and several tetracyano-substituted 
quinoidimethanes. 
 
benzoquinoids have been used as useful functional materials owing to their 
unusual solid state transport properties and have been studied in the field of 
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organic charge-transfer complexes as electron acceptor molecules.[4] The 
π-system extended benzoquinoid, the tetracyanodiphenoquinodimethane 
(TCNDQ) (Figure 5.1.), could not be isolated and it tended to polymerize 
simultaneously,[5] but its stable monoanion has been studied by ESR, 
UV–Vis–NIR absorption spectra and electric conductivity measurements.[6] 
When TCNDQ skeleton was incorporated with an additional four carbon atoms 
into the π-conjugated core, 13,13,14,14-tetracyano-2,7-pyreno quinodimethane 
(TCNP) (Figure 5.1.)[5a, 7] was obtained in a more stable quinoid due to 
elimination of repulsion between the biphenyl interring hydrogen and blocking 
of four active sites by two additional ethenyl groups compared to its parent 
framework. Moreover, further delocalization of the conduction electrons within 
π-system of the perylene moiety in TCNP was achieved. The main drawback, 
however, is its poor solubility in common organic solvents[5a] and the 
inconvenience of selective functionalization at the 2,7-positions of pyrene, 
which hampered practical studies. Thus only a few dicyanomethylene- 
substituted π-extended benzoquinoidal compounds have been reported compared 
to the widely studied thienoquinoidal derivatives.[8] Recently, a series of well 
defined N-annulated rylenes,[9] in which additional flexible alkyl chains could be 
easily attached at the bay position of perylene moiety, were synthesized in our 
group and Wang’ group. N-annulation on the rylene framework allows us to 
solve the solubility problem as well as selective chemical modification, which 
make it possible to approach soluble quinoidal perylene and even larger 
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quinoidal rylenes. More importantly, distinct biradical characteristics may 
emerge for the extended quinoidal rylenes,[10] due to a decrease of their 
HOMO-LUMO energy gap and consequently a promotion from a closed-shell 
quinoidal resonance form to an open-shell biradical with recovery of the 
aromaticity of the rylene unit. On the basis of these studies and considerations, 
we intend to use the N-annulated perylene (NP) moiety to build up new type of 
quinoidal rylenes with tunable ground state. So four tetracyano-substituted 
quinoidal rylene chromophores, Per-CN, 2Per-CN, QDTP and QDTQ were 
synthesized (Figure 5.2). Per-CN and 2Per-CN represent the quinoidal NP 



























Figure 5.2. Chemical structures of quinoidal rylene chromophores. 
 
compare their electronic structure. In QDTP and QDTQ, additional thienyl 
units are introduced to further tune the ground state of the corresponding 
perylene and quaterrylene-quinodimethane. Their ground-state electronic 
structures were systematically investigated by a combination of a series of 
techniques including variable-temperature (VT) NMR, ESR, SQUID, absorption 
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spectroscopy, Raman spectroscopy together with broken-symmetry DFT 
calculations. 
 
5.2 Results and Discussion 
5.2.1 Synthesis 
The synthetic route towards Per-CN/2Per-CN is shown in Scheme 5.1. 
Treatment of the N-annulated perylene with a 2-ethylhexyl substituent (5-1)[9b,9c, 
9d] with two equivalent N-bromosuccinimide (NBS) gave the dibrominated NP 
5-2 in 90% yield. Pd-catalyzed Takashi coupling of 5-2 with malononitrile in the 
presence of sodium hydride in anhydrous tetrahydrofuran worked smoothly. 
After acidation with hydrochloric acid (1M), the raw product was 
simultaneously oxidized in the air to give the desired tetracyano 
NP-quinodimethane Per-CN as a deep blue solid in 80% yield. For the quinoidal 
perylene dimer (2Per-CN), long branched dove-tailed chains (2-decyltetradecyl) 
have been introduced to ensure sufficient solubility for the intermediate and 
final products. Regioselective bromination of 5-3 with one equivalent of NBS at 
0 °C provided the monobrominated NP 5-4, which was conveniently converted 
to the N-annulated perylene boronic ester 5-5 in 90% yield by Pd-catalyzed 
Miyaura coupling reaction. Suzuki coupling between 5-5 and the NP 
monobromide 5-4 afforded the NP dimer 5-6 in 82% yield. Regioselective 
bromination of 5-6 by NBS gave the dibrominated dimer 5-7 in 90% yield. 
Similar Takashi coupling reaction was then applied to synthesize the 
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tetracyano-substituted dimer intermediate, which was dehydrogenated by 
oxidant p-chloranil in chloroform and eventually gave the desired compound 














































Scheme 5.1. Synthesis of Per-CN and 2Per-CN. Reagents and conditions: a) 
NBS (2 equiv.), DCM/DMF, 0 ºC - 25 ºC, overnight, 90%; b) malononitrile, NaH, 
Pd(PPh3)2Cl2, reflux, 48 h, 80%; c) NBS (1 equiv.), DCM/DMF, 0 ºC, 4 h, 85%; d) 
pinacolborane, Et3N, PdCl2(PPh3)2, 1,2-dichloro ethane, 90 ºC, 24 h, 90%; e) 5-4, 
Pd(PPh3)4, Cs2CO3, toluene/DMF, 90 ºC, 24 h, 82%; f) NBS (2 equiv.), 
DCM/DMF, 0 ºC - 25 ºC, overnight, 90%; g) (i) malononitrile, NaH, Pd(PPh3)2Cl2, 
reflux, 48 h; (ii) p-chloranil, CHCl3, r.t.. The overall yield of two steps is 60%. 
 
chromatography. Both Per-CN and 2Per-CN are quite stable in the solid and 
solution, even upon exposure to the air. They are soluble in common solvents, 
such as toluene, DCM and THF. Interestingly, while the former one exhibited 
clear NMR signals, the quinoidal NP dimer 2Per-CN showed no signals for the 
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aromatic protons at various temperature (-100 oC -25 oC), though definite 
signals assignable to the protons of alkyl chains were observed. This indicates 
the existence of paramagnetic diradical species for 2Per-CN. From the view 
point of molecular structure, quinoidal 2Per-CN may exist two isomers, that is, 
the two NP units could adapt a trans and cis configuration because of the 
ethylene linkage, while its corresponding biradical resonance form may rotate 
along the single C-C bond (Scheme 5.1). Attempted synthesis of the 
corresponding quinoidal quaterrylene via oxidative dehydrogenation of 
2Per-CN by DDQ/Sc(OTf)3 and FeCl3 both failed, presumably due to the large 




















































Scheme 5.2. Synthesis of QDTP. Reagents and conditions: a) 
tributyl-(thiophen-2-yl) stannane, Ph(PPh3)4, toluene/DCM, 80 ºC, 24 h, 75%; b) 
NBS (2 equiv.), DCM/DMF, 0 ºC - 25 ºC, 4 h, 85%; c) malononitrile, NaH, 
Pd(PPh3)2Cl2, reflux, 48 h; d) p-chloranil, CH3CN, r.t. The overall yield of two 




An alternative way to extend the conjugation length of perylene is to introduce 
a thiophene unit at the its active peri-postision, which is achieved by a two-fold 
Stille coupling reaction between tributyl-(thiophen-2-yl) stannane and the 
dibrominated NP 5-8, leading to the thiophene connected perylene 5-9 (Scheme 
5.2). Compared to compound 5-1, longer branched aliphatic chain (2-hexyldecyl) 
was introduced to surmount the solubility problem for subsequent synthetic steps. 
Treatment of compound 5-9 with two equivalent NBS afford the dibrominated 
intermediate 5-10 in 90% yield. Takashi coupling reaction of 5-2 with 
malononitrile gave the crude product 5-11, which was partially dehydrogenated in 
the air. Subsequent oxidation of 5-10 in acetonitrile solution by a catalytic amount 
of p-chloranil resulted in immediate precipitation of the raw target product from 
the mixture. Then the solid was collected by filtration and further purified by 
routine column chromatography to afford pure quinoidal thienoperylene QDTP. 
Interestingly, compound QDTP showed obvious NMR signal changes in THF-d8 
with temperature. As shown in Figure 5.3, proton “d” on perylene skeleton 
emerged when temperature decrease from 300 K to 210 K. Similar phenomena 
was also observed for protons “e” and “f” on thiophene ring, which appeared at 
range from 7.4 to 7.8 ppm when the temperature was lower than 220 K. However, 
the peaks for aromatic protons in NMR spectrum became very broad above 320 K 
because of the existence of thermally excited triplet diradicals, while it turned out 
to be rather complicated below 210 K likely due to a increasing proportion of 
quinoidal forms (three isomers in Scheme 5.2, bottom) as well as increasing π-π 
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stacking interaction between molecules at low temperature. These features 
indicate that two upaired electrons in the thermally excited QDTP biradical 
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Figure 5.3. Variable temperature 1H NMR spectra (aromatic region) of QDTP in 
THF-d8. 
 
The synthesis of longer extended quinoidal rylene is challenging because of a 
couple of reasons: (1) improcessability caused by their poor solubility and strong 
π-π stacking; (2) synthesis of rylene framework required oxidative 
cyclodehydrogenation from the corresponding precursors by using oxidant and 
Lewis acid (e.g. DDQ/Sc(OTf)3 system or FeCl3) and such ring cyclization 
reaction usually rely on the reactivity of the precursor, the amount of oxidant, as 
well as the reaction temperature;[9b,9c] 3) appropriate group blocking the active 
peri-position was necessary because the NP and N-annulated rylene themself 
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under the same condition are found to give a mixture of oligomers without 
ring-fusion.[9d] Our strategy towards higher order fused quinoidal quaterrylene 


































5-14 QDTQ  
Scheme 5.3. Synthesis of QDTQ. Reagents and conditions: a) tributyl-(thiophen 
-2-yl) stannane, Ph(PPh3)4, toluene/DCM, 80 ºC, 24 h, 70%; b) two equiv NBS (2 
equiv.), DCM/DMF, 0 ºC - 25 ºC, overnight, 80%; c) Sc(OTf)3, DDQ, toluene, 
reflux, 24 h, 70%; d) malononitrile, NaH, Pd(PPh3)2Cl2, reflux, 48 h, 50%. 
 
further functionalization (Scheme 5.3). It is conjectured that controllable 
oxidative cyclodehydrogenation of 5-13 may allow to prepare the key fused 
bis-N-annulated quaterrylene core 5-14 due to the blocking of two active 
peri-position by the unreactive 2-bromothienyl unit. First of all, thiophene 
groups were introduced at the peri-position by Stille coupling between 
tributyl-(thiophen-2-yl)stannane and dibrominated dimer 5-7 to give the 
intermediate 5-12 in 70% yield. Regioselective bromination of 5-12 by NBS 
provided the dibrominated precursor 5-13. When 5-13 was treated with 5 equiv 
of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and scandium trifluoro- 
methane sulfonate (Sc(OTf)3) in toluene under reflux for 24 h, the ring fused 
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quaterrylene 5-14 was successfully prepared in relative high yield, which was 
subsequently converted into target molecule QDTQ by Takashi coupling 
followed by simultaneous oxidation in air. Both quinoidal thienoperylene 
(QDTP) and quaterrylene (QDTQ) are highly soluble in common solvents, such 
as chloroform, toluene and THF due to the attachment of branched dove-tailed 
alkyl chains. They were deeply colored in solid and solution phases. 
MALDI-TOF mass spectra of these products agreed well with their 
corresponding molecular weight. QDTQ did not show any NMR signals even at 
very low temperature (down to -100 oC), probably due to the distinct biradical 
character.  
 
5.2.2 Photophysical and electrochemical properties 
The steady-state absorption spectrum of compound Per-CN in 
dichloromethane (DCM) is shown in Figure 5.4(a). Compound Per-CN 
displayed an intense absorption band in the UV-visible region with absorption 
maximum at 626 nm (log ε = 4.82; ε: molar extinction coefficient in M-1 cm-1), 
along with a shoulder absorption at 579 nm. However, the UV-Vis-NIR 
absorption spectrum of dimer 2Per-CN in CHCl3 exhibited a very different band 
structure from that for the quinoidal Per-CN. As shown in Figure 5.4(b), three 
major absorption bands appeared with absorption maximum at 351, 620, and 
901 nm, respectively. It is worth noting that the well-resolved longest absorption 
band of 2Per-CN with two shoulder absorption at1005 and 1117 nm covers over 
more than 600 nm, and the tail is extended up to1450 nm, leading to a very 
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small optical energy gap (0.87 eV). When conjugated length was prolonged by 
thiophene group in QDTP, it showed one intense absorption band in the 
UV-vis-NIR region (Figure 5.4(c)) with two unresolved shoulder at 769 and 
1005 nm. The absorption maximum of QDTP located at 874 nm (log ε = 4.56), 
while the longest absorption tail reached to more than 1300 nm. Such a very 
different absorption band structure indicated that QDTP has a different 






































































Figure 5.4. UV-vis-NIR absorption of a) Per-CN in DCM; b) 2Per-CN in 
CHCl3; c) QDTP in CHCl3; d) QDTQ in THF (concentration = 1×10-5 M). 
 
exhibited a well-resolved absorption band with absorption maximum at 685 nm 
(log ε = 4.34), accompanying with one shoulder at 626 nm, but the most 
predominant character is the existence of three overlapped broad bands in the 
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infrared region with maximum absorption at 1052, 1103 and 1384 nm, 
respectively (Figure 5.4(d)). The optical energy gaps of QDTP and QDTQ were 
determined as 0.94 eV and 0.75 eV, respectively, which are much smaller than the 
typical PAH molecules. Thus, except the quinoidal mono- perylene Per-CN, the 
other three samples possess rather small optical energy gaps. The dramatic 
decrease of energy gap as well as abovementioned NMR silence suggest that these 
three molecules likely have an open-shell singlet ground state, which can 
thermally excited to a paramagnetic triplet state due to the small singlet-triplet 
energy gap (to be discussed in the later section). All these molecules showed no or 
very weak fluorescence at the detectable range (300-900 nm) of our fluorometer. 
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Figure 5.5. Cyclic voltammograms of Per-CN (a), 2Per-CN (b), QDTP (c) and 
QDTQ (d) in dry DCM with 0.1 M Bu4NPF6 as supporting electrolyte, Ag/AgCl 
as reference electrode, Au disk as working electrode, Pt wire as counter electrode, 




Cyclic voltammetry was performed in order to further investigate the 
electrochemical properties of these four compounds. Per-CN in DCM exhibited 
two reversible reductive waves with half-wave potentials Ered1 = -0.54 V and Ered2 
= -0.78 V (vs Fc+/Fc), and one quasi-reversible reduction wave with a half-wave 
potential Ered = -1.38 V (vs Fc+/Fc) (Figure 5.5(a)). However, no chemically 
oxidative wave was observed. On the other hand, two reversible oxidative waves 
were observed for 2Per-CN, whose half-wave potential were 0.36 and 0.54 V (vs 
Fc+/Fc), together with one reversible reduction wave with a half-wave potential 
Ered = -0.45 V (vs Fc+/Fc) (Figure 5.5 (b)). From QDTP to QDTQ, not only the 
first and second oxidation waves but also the third, fourth and fifth one appeared. 
As shown in Figure 5.5c and 5.5d, cyclic voltammogram of QDTP demonstrated 
two reversible oxidative waves with Eoxn at -0.37 and 0.48 V (vs Fc+/Fc) and one 
quasi-reversible reductive wave with Ered at -1.37 V (vs Fc+/Fc), whereas five  
 
Table 5.1. Summary of electrochemical properties of four compounds 
 








- - -4.26  
2Per-CN -0.45 0.36, 0.54 -5.11 -4.49 0.62
QDTP -1.37  -0.37, 0.48 -4.40 -3.57 0.83
QDTQ -1.35,-1.09  -0.49, -0.21, -0.04, 
0.37, 0.70 
-4.23 -3.86 0.37
Eoxn and Eredn are half-wave potentials for respective redox waves. HOMO and 
LUMO energy levels were calculated from the onset potentials of the first 
oxidation (Eoxonset) and the first reduction wave (Eredonset), respectively, according 
to the following equations: HOMO = - (4.8 + Eoxonset) and LUMO = - (4.8 + 




reversible oxidative waves with Eoxn at -0.49, -0.21, -0.04, 0.37, 0.70 V (vs Fc+/Fc) 
were measured for QDTQ, with two reductive waves Eredn at -1.35, -1.09 V (vs 
Fc+/Fc). Such multiple redox behaviors of QDTQ is possibly due to its large π 
electrons delocalized system as well as unpaired electrons. The detailed reductive 
and oxidative potentials of these four compounds and their corresponding HOMO 
and LUMO energy levels are summarized in Table 5.1. Then a rather low 
HOMO-LUMO energy gap for 2Per-CN, QDTP and QDTQ was determined as 
0.62, 0.83, 0.37 eV, respectively. 
 
5.2.3 Raman characterizations of Per-CN, 2Per-CN, QDTP and QDTQ 
Raman spectroscopy is a powerful spectroscopic technique to study vibrational, 
rotational, and other low-frequency modes in a system. To scrutinize the intrinsic 
structure of these compounds, Raman experiments were conducted and provided 
new insights into the correlation between their structure and properties. 
Theoretically calculated (DFT/B3LYP/6-31G**)[11] Raman spectrum were also 
conducted to assist us to well assign the experimental spectrum in terms of 
vibrational normal modes, frequencies and bond character. This work was 
conducted in our collaborator Professor Juan Casado’s group. As shown in Figure 
5.6, the experimental band of Per-CN appeared at 2211 cm-1 (Figure 5.6 (b)) 
(theoretical at 2233 cm-1, Figure 5.6 (a)) was the nitrile (C≡N) vibrational 
frequency. Since C≡N Raman bands in the analogue oligothiophenes appear 
always below 2200 cm-1 when the biradical character is expressed,[10a] the Raman 
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spectrum (laser excitation wavelength 532 nm) of Per-CN together with its  
 
Figure 5.6. a) Theoretical and b) experimental Raman spectra (excitation 
wavelength 532 nm) of Per-CN; c) theoretical Raman spectra of QDTP in singlet 
configurations; d) experimental Raman spectrum (excitation wavelength 785 nm) 
of QDTP. 
 
theoretical calculation indicates a closed-shell configuration for such quinoidal 
perylene. In Figure 5.6 (b) and Figure 5.6 (a), the band at 1705 cm-1 (theoretical at 
1675 cm-1) arises from the unsaturated double bond (C=C) of the central bond 
connecting the quinoidal rings (labeled as bond “1” in both molecular structure 
and Raman spectrum). The doublet bands at 1601/1594 cm-1 (theoretical at 1583 
cm-1) are associated with the C=C on each quinoidal ring (bond “2”). Finally the 
experimental band at 1458 cm-1 (theoretical at 1424 cm-1) corresponds a 
symmetrical C=C of the methylene bonds connecting the dicyano groups to the 
perylene core (bond “3”). It is noticeable that Raman spectrum makes the three 
visible double bonds to be intimately associated with the conjugated quinoidal 
structure. This corroborates again the closed-shell nature of Per-CN. While 
Per-CN displayed strong quinoidal bands in the region from 1458 to 1705 cm-1, 
QDTP exhibited weak bands in this region and significant intensity bands 
displayed below 1400 cm-1 (Figure 5.6 (d)), which was similar to theoretical 
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calculation for corresponding singlet open-shelled species (Figure 5.6 (c)). In 
addition, the experimental band at 1448 cm-1 was not reproduced by calculations 
and might be interpreted as a solid state effect, likely arising from solid state π-π 
stacking which results in coupled vibration observed from such sandwiched 
molecules. 
 
Figure 5.7. UV-vis (left) and resonant Raman spectra (right) of a) Per-CN, b) 
QDTP and c) QDTQ. Arrows denote the spectral position of the laser excitations 
in the Raman experiment. 
 
  Since our samples probably exist in a singlet-triplet equilibrium or mixture, 
resonance Raman spectroscopy may provide information to identify these 
substances. Figure 5.7 displays the resonant Raman experiments of Per-CN, 
QDTP and QDTQ, in which laser excitation wavelengths used are selectively 
exciting the strongest electronic absorption of the UV-Vis spectrum (Figure 5.7, 
left). Compared to UV-vis spectrum integrating all the species into absorption 
bands, the vibrational Raman spectra can differentiate the singlet species due to 
the up to 105 factor enhancement of the Raman signal associated with the 
chromophore under excitation. The resonance Raman spectra of Per-CN, QDTP 
and QDTQ were recorded with the laser wavelengths at 532, 785 and 633 nm 
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respectively which excite the electronic absorptions around 600, 900 and 680 nm. 
As a result, these spectra permit us to conduct an analysis of the evolution of the 
Raman features of the singlet species in these three samples. In going from 
Per-CN (Figure 5.7 (a)) to QDTP (Figure 5.7 (b)) the spectral profile suddenly 
changed. The C≡N band became weak in intensity and transformed from one 
single band to a doublet around 2200 cm-1 which is typical of dicyanomethylene 
groups bearing a significant amount of negative radicaloid charge. This indicates 
the rupture of the quinoidal structure and the appearance of an open-shell biradical. 
The changes in the 1700-1600 cm-1 region, where the typical stretches of the well 
defined C=C bonds have been assigned in Per-CN, were also observed and no 
bands with significant intensity are detected in this region for QDTP. This is a 
clear indication of the transformation from a quinoidal structure to a 
pseudo-aromatic species. The C=C modes of the bonds attaching the dicyano 
groups to the cores also underwent a considerable weakening from 1456 cm-1 in 
Per-CN to 1398 cm-1 in QDTP, revealing the evolution from a C=C character 
towards a C-C feature. The new band at 1493 cm-1 could be assigned to a C=C 
stretching mode of the two thiophene rings at the external sites. Similar strong 
Raman band with frequency at 1492 cm-1 was reported for aromatic 
dimethyl-bithiophene.[12] This feature reveals the aromatic character gained by 
these two rings in QDTP. As a result, the most stable configuration of QDTP 
might be ascribed to a singlet ground electronic state with a pronounced biradical 
character promoted by the aromatization of the thiophene moieties.   
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Passing from QDTP to QDTQ the spectral profile undergoes another important 
transformation. The C≡N band was very weak (Figure 5.7c) (obscured by the 
background noise) due to the diminished statistical weight of the dicyano groups 
with the enlargement of the rylene-thiophene core. Several medium-weak bands 
around 1600 cm-1 could be attributed to modes of the central benzenoid moieties 
due to their aromatic properties. The most intense Raman band was at 1257 cm-1 
and absent in the other compounds (Figure 5.7c), which must be ascribed to a new 
chemical group existing in QDTQ and possible is the tetrabenzo fused innermost 
group. Such intense Raman bands at the frequencies between 1258 and 1300 cm-1 
have been reported in fused benzo-polycyclic compounds.[13] The bands at 1485 
and 1391 cm-1 in QDTQ (figure 5.7c) can be related with the bands at 1493 and 
1398 cm-1 in QDTP, which further corroborates: i) the pseudo-aromatic character 
of the bithiophene moiety and ii) the greater single bond character of the bonds 
between the dicyano and thiophene on the basis of the additional shift to low 
frequencies of their C=C stretches from QDTP to QDTQ. These two findings 
reveal aromatic properties on thiophene moeities are reinforced due to extensive 
quinoidal units, which further suggest a larger proportion of biradical species in 
QDTQ. The nucleus independent chemical shift (NICS) values, which were 
proposed as a reliable criterion of aromaticity[14] were then calculated to provide a 
further understanding of such aromaticicity arising from biradical species (with 
the help of Dr. Masatoshi Ishida in the Yonsei University). As shown in Figure 5.8, 
molecule Per-CN has a quinoidal structure because of the anti-aromatic rings with 
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positive NICS values on the two six-membered rings directly linked to the 
dicyano- methylene groups(Figure 5.8 (a). In contrast, both the rylene and 
thiophene rings in QDTP and QDTQ are aromatized based on the negative NICS 
chemical shifts (Figure 5.8 (b) and (c)), which is consistent with aromatic bands in 



















































Figure 5.8. NICS(1) and NICS(1)zz values for a) Per-CN (RB3LYP), b) QDTP 
(BS-UB3LYP) and c) QDTQ (BS-UB3LYP). NICS(1): black color; NICS(1)zz: 
red color.  
 
If the singlet-triplet energy gap (ΔES-T) is sufficiently small, the triplet 
configurations likely contribute to the electronic ground state of the compound. In 
this case, Raman experiments possibly provided information of triplet species 
contribution. We expect to assign or partially identify the bands corresponding to 
triplet open-shell configuration through Resonance Raman spectra.  
Considering that the spectra of QDTP and QDTQ excited at the wavelengths of 
785 nm and 633 nm correspond to the singlet open-shell biradical species, we 
expect other excitations (i.e., different  λexc) to contain the features of the triplet 
Raman spectra. The Raman spectra of QDTP excited at 633 and 532 nm are 
shown in Figure 5.9 (a). These spectra were characterized by the progressive 
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appearance of up to six new Raman bands (three in the 633 nm spectrum and three 
more in the 532 nm). 
 
Figure 5.9. a) Raman spectra at different excitation wavelengths (λexc in nm) of 
QDTP. b) Raman spectra at different excitation wavelengths of QDTQ. With 
arrows it is noted the new bands that appears with the excitations while those 
aligned with the dotted lines persist at different excitations. 
 
It is particularly noticeable the band doublet (1414 and 1426 cm-1) in the high 
frequency region of the strongest Raman band exists in the two 532 and 633 nm 
spectra. The new higher frequencies bands was likely owing to the triplet species 
in the molecular structure, since the band at 1398 cm-1 was assigned to the 
stretching mode of the bonds connecting the dicyano-methylene to the thiophenes 
in the singlet open-shell biradical. This probably caused by a structural 
reorganization from the singlet to the triplet biradical. 
For QDTQ, the spectrum with 532 nm excitation was almost identical to that at 
633 nm corresponding to the singlet open-shell species (Figure 5.9 (b)). However, 
when excited by a lower energy laser (1064 nm wavelength), the spectrum 
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significantly changes and up to three new bands were in co-existence with those 
of the singlet diradical. The most noticeable aspect was the new band at 1404 cm-1, 
whose frequency was very similar to the strongest one in the triplet species of 
QDTP at 1414 cm-1. This relationship indicates similar molecular structures and 
spin active sites between QDTP and QDTQ. On the other hand, two new bands 
around 1300 cm-1 in the spectrum, was regarded as characteristic vibrations for 
fused polycyclic systems. The emergence of these two bands suggests the central 
rylene core involves spin distribution. 
Due to the existence of a low energy lying triplet state, the triplet species might 
be populated with the elevation of the temperature. Variable-temperature Raman 
experiments were conducted to detect spectra changes with temperature (from 
-170 ºC to 100 ºC). However, the spectra of QDTP and QDTQ with the various 
temperatures kept constant in frequency and slight changes in the overall spectral 
intensity (Figure 5.10) due to a uniform temperature effect: (i) a rather small 
energy gap between the singlet and the triplet biradical states that would make 
both states to be significantly or similarly populated already at room temperature. 
As a consequence, no significant population is produced by heating in the -170 ºC 
to 100 ºC range; (ii) the spectra analyzed as a function of the temperature, are 
those taken mostly in resonance either with the singlet or triplet. This means that 
the Raman signal is mainly dominated by the Raman enhancement and in 
consequence a very large population/depopulation of the triplet/singlet should be 
deducted in order to observe gradual changes in the spectra. This is the case of the 
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532 nm VT-Raman spectra for QDTQ. Although the 1064 nm spectrum contains 
the bands of the singlet and triplet species, no clear changes are observed with the 
temperature possible due to the situation described in (i). The case of the variable 
temperature Raman spectra of QDTP, taken in resonance with the 785 nm 
excitation, might represent the case described (ii). 
 
Figure 5.10. Variable temperature Raman spectra of: A) QDTQ (A1: excitation 
wavelength 532 nm; A2: excitation wavelength 1064 nm). B) QDTP (excitation 
wavelength 785 nm). 
 
Interestingly, the Raman spectra of 2PerCN have several features (Figure 5.11): 
i) the frequency position of the C≡N mode at 2195 cm-1 revealed a large charge 
density over the cyano groups, indicating a remarkable biradical character. In 
comparison with the other rylene derivatives, the biradical character seems to be 
more pronounced in 2Per-CN; ii) compared to the spectrum of full quinoidal 
Per-CN in the 1700-1000 cm-1 region, the spectral profile of 2Per-CN was in 
accordance with a aromatic-like species; iii) the resonant Raman spectra 
modulated by the laser excitation at two main absorption of bands (maxima at 620 




Figure 5.11. UV-Vis and resonant Raman spectra of 2PerCN. Arrows denote the 
spectral position of the laser excitations in the Raman experiment. 
 
that the spectra at 633/785 nm and 532/1064 nm are quite similar. In addition, the 
additional possibility of cis/trans isomerisation should be also considered for 
2Per-CN. To identify isomer, IR spectroscopy is complementary to Raman 
spectroscopy because some vibrational transitions that are observed in IR 
spectroscopy are not observed in Raman spectroscopy. Figure 5.12 shows a 
 
Figure 5.12. Top) infrared spectrum of 2Per-CN; Bottom) 785 nm Raman 
spectrum of 2PerCN.  
 
combination of the infrared and 785 nm Raman spectra of 2Per-CN. It was found 
that those bands were active in infrared, while inactive in the Raman spectrum. It 
is fulfilled the mutual exclusion principle, which is verified in molecules that 
contain an inversion center among the operations of symmetry. This suggests that 
Chapter 5 
 173
2Per-CN in its ground electronic state is mostly in the trans format between its 
two rylene units, or having a C2h molecular symmetry. However, by exciting with 
532/1064 nm, the corresponding Raman spectra did not strictly follow the 
complementary rule between IR and Raman, indicating there was a small quantity 
of cis isomer with a C2v molecular symmetry in 2Per-CN. At this point, the 
C2v/C2h symmetry selection rules significantly alter the vibrational spectra but 
minimally the absorption spectrum since the lowest energy UV-Vis bands are 
similarly intense in any of the two symmetries. This agrees with the experimental 
observations that the Raman spectra significantly change when exciting two 
























Figure 5.13. a) DFT (UCAM-B3LYP) optimized structure of trans 2Per-CN 
(N-substituent is methyl group); b) theoretical calculation of bond lengths (Å) and 
dihedral angle between rylene cores in 2Per-CN; c) theoretical calculation of 
bond lengths (Å) in quinoidal Per-CN; d) NICS(1) and NICS(1)zz values for 
2Per-CN: NICS(1): black color; NICS(1)zz: red color. 
  
Theoretical calculations were conducted to provide a guidance in understanding 
the Raman spectra of 2Per-CN. The optimized geometry (UCAM-B3LYP)15 of 
2Per-CN show that anti-conformer is the most stable isomer in all electronic 
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states (Figure 5.13 (a)) . The total energy of the singlet and triplet biradical form 
are located 4.8 and 4.0 kcal/mol higher than the closed-shell configuration, 
indicating that the singlet biradical state dominates the ground-state electronic 
structure. In comparison to the quinoidal Per-CN (Figure 5.13 (c)), the singlet 
2Per-CN shows longer bond lengths for the exo methylene bonds and the bond 
between the two perylene units (Figure 5.13 (b)). Moreover, the rings in the rylene 
moiety are aromatic based on the NICS calculation (Figure 5.13 (d)). These 
features indicate a distinct open-shell character of 2Per-CN, and it is in agreement 
with explanation of Raman spectra for 2Per-CN. In addition, the biradical adopts 
a geometry with a dihedral angle of 55.4o between the two NP units in 2Per-CN. 
The twisted geometry may influence the biradical character. 
a) b)
Figure 5.14. Solid state variable temperature Raman spectra of 2Per-CN a) with 
785 and b) 532 nm exitation wavelength. 
 
Raman spectra of 2Per-CN at variable temperatures were also investigated, as 
shown in Figure 5.14. With excitation at 785 and 532 nm, the spectra scarcely 
changed within the interval of temperature due to a small singlet-triplet energy 
gap (theoretical 0.8 kcal/mol), either for the cis or trans isomers. This is consistent 





5.2.4. ESR and SQUID characterization of 2Per-CN, QDTP and QDTQ 
As above mentioned, the measurements of 2Per-CN, QDTP and QDTQ by 
both NMR and Raman spectroscopy pointed to the presence of considerable 
paramagnetic species in these samples. So ESR measurements were conducted to 

































































Figure 5.15. CW ESR spectra of a) 2Per-CN and b) QDTP in solid state at 153 K; 
(c) QDTQ in THF at 153 K. 
 
directly detect the triplet species. As shown in Figure 5.15, these three samples 
displayed ESR signals in solid state or various solutions. For example, the powder 
of both 2Per-CN and QDTP showed a ESR spectrum with ge = 2.0031 at 153 K 
(Figure 5.15 (a) and (b)), while solution of QDTP only exhibited rather weak 
signal at same temperature due to relatively small spin concentration at low 
temperature. Different from QDTP, a clear ESR signal was observed for 2Per-CN 
and QDTQ (Figure 5.15 (c)) (ge = 2.0030) both in solid and in solution.  
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To confirm the singlet-triplet energy gap (ΔES-T) of these biradicals, 
superconducting quantum interference device (SQUID) measurements were 
conducted in the powder form at 5–380 K (Figure 5.16). It was found that ΔES-T of 
QDTP was relatively high (-2368 K or -4.71 kcal/mol) (Figure 5.16 (a)), while 
rather small for QDTQ (-80.8 K or -0.16 kcal/mol) (Figure 5.16 (b)) after fitting 
with Bleaney-Bowers equation. This well explains the observations in VT NMR 
spectra of QDTP, in which the signal become very broad at elevated temperature. 
It also further explains why there is no change in the Raman spectra with the 
temperature in QDTQ. The SQUID measurements on 2Per-CN are still in 
progress. 
a) b)
Figure 5.16. χ mol T-T curves in the SQUID measurements for the powder of 
QDTP (a) and QDTQ (b). 
 
5.3 Conclusions 
In summary, four new stable quinoidal rylenes end-capped dicyano-methylene 
groups were successfully synthesized and their electronic structure and geometry 
in the ground state were investigated by various experiments. Their ground-state 
structures are tunable, with Per-CN as a closed-shell species, while 2Per-CN, 
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QDTP and QDTQ as open-shell singlet biradicals. Such a difference can be 
explained by extensive conjugated lengths which result in low energy bands and 
promote the structure resonance from quinoidal configuration to biradicaloid form. 
Furthermore, besides the narrowed HOMO-LUMO energy gap, the singlet 
biradical character of QDTP and QDTQ may stem from recovery of two 
additional aromatic thiophene rings in the biradical resonance form, which was 
confirmed by Raman experiments assisted by DFT calculation. For 2Per-CN, 
there is gain of additional Clar’s aromatic sextet ring upon resonation into the 
biradical form. However, the steric repulsion between two perylene units favors to 
rupture of quinoidal configuration and appearance of biradicaloid structure. 
Raman spectra provide insights into the isomerization of 2Per-CN and QDTP in 
the ground state. At the same time, SQUID measurements revealed a much 
smaller singlet-triplet energy gap for QDTQ compared to that of QDTP, which 
help us to further understand the experimental observations. 
 
5.4 Experimental Section 
5.4.1 General experimental methods 
All reagents and starting materials were obtained from commercial suppliers 
and used without further purification. Anhydrous N, N-dimethylformaldehyde 
(DMF) was distilled from CaH2. Anhydrous toluene and THF were distilled from 
sodium-benzophenone immediately prior to use. The 1H NMR and 13C NMR 
spectra were recorded in solution of CDCl3 or THF-d8 on Bruker DPX 300 or 
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DRX 500 NMR spectrometers with tetramethylsilane (TMS) as the internal 
standard. The following abbreviations were used to explain the multiplicities: s = 
singlet, d = doublet, t = triplet, m = multiplet. MALDI-TOF mass spectra (MS) 
were recorded on a Bruker Autoflex instrument using anthracene-1,8,9-triol and 
TCNQ as matrix. EI mass spectra were recorded on Agilent 5975C DIP/MS mass 
spectrometer. UV-vis absorption and fluorescence spectra were recorded on a 
Shimadzu UV-1700 spectrometer and a RF-5301 fluorometer, respectively. The 
solvents used for UV-vis and PL measurements are of HPLC grade (Merck). The 
electrochemical measurements were carried out in anhydrous methylene chloride 
with 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the 
supporting electrolyte at room temperature under the protection of nitrogen. A 
gold stick was used as working electrode, platinum wire was used as counting 
electrode, and Ag/AgCl (3M KCl solution) as reference electrode. The potential 
was externally calibrated against the ferrocene/ferrocenium couple. Steady-state 
UV-vis absorption were recorded on a Shimadzu UV-1700 and UV-3600 
spectrometer. Continuous wave X-band ESR spectra were obtained with a Bruker 
ELEXSYS E500 spectrometer using a variable temperature Bruker liquid nitrogen 
cryostat. A superconducting quantum interference device magnetometer 
MPMS-XL was used for the magnetic characterization. The 
temperature-dependent magnetic susceptibility (χmol) was measured for the 
2Per-CN, QDTP and QDTQ samples under a constant magnetic field of 1000 Oe 
in the temperature range of 5-380 K. Raman spectra were measured using an 
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Raman accessory kit (FRA/106–S) of a Bruker Equinox 55 FT–IR interferometer. 
A continuous–wave Nd–YAG laser working at 1064 nm was employed for 
excitation, at a laser power in the sample not exceeding 30 mW. A germanium 
detector operating at liquid nitrogen temperature was used. Raman scattering 
radiation was collected in a back–scattering configuration with a standard spectral 
resolution of 4 cm-1. 2000 scans were averaged for each spectrum. A 
variable-temperature cell Specac P/N 21525, with interchangeable pairs of quartz 
windows, was used to record the Raman spectra at different temperatures. The 
variable temperature cell consists of a surrounding vacuum jacket (0.5 Torr), and 
combines a refrigerant Dewar and a heating block as the sample holder. It is also 
equipped with a copper constantan thermocouple for temperature monitoring 
between -170 and 100 oC. Samples were inserted into the heating block part or the 
Dewar/cell holder assembly in the form of pure solids dispersed in KBr pellets, 
and Raman spectra were recorded after waiting for thermal equilibrium in the 
sample. The samples in KBr pellets were prepared in an oxygen and water-free 
bag. Compounds 5-1, 5-2 and 5-3 were prepared according to literatures.[9] 
 
5.4.2 Synthesis and characterization of new compounds 
Synthesis of compound 5-5: A 100 mL Schlenk flask was charged with 
N-annulated perylene monobromide 5-4 (820 mg, 1.20 mmol), pinacolborane (617 
mg, 4.82 mmol), triethylamine (728 mg, 7.20 mmol), PdCl2(PPh3)2 (32 mg, 0.07 
mmol) and 1,2-dichloroethane (40 mL) under argon. The reaction mixture was 
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stirred for 3 hours at 90 °C. After removal of the solvent, the crude product was 
purified by column chromatography (silica gel, hexane: DCM = 5:1) to give a 
yellow oil product (788 mg, 90%). 1H NMR (CDCl3, 500 MHz): δ 9.01 (d, J = 8.2 
Hz, 1H), 8.66-8.69 (m, 2H), 8.45 (s, 1H), 8.11 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 8.8 
Hz, 1H), 7.88 (t, J = 7.8 Hz, 1H), 7.81 (t, J = 7.8 Hz, 1H), 7.77 (d, J = 8.8 Hz, 1H), 
4.59 (d, J = 7.3 Hz, 2H), 2.29-2.34 (m, 1H), 1.51 (s, 12H), 1.20-1.27 (m, 40H), 
0.86-0.90 (m, 6H). 13C NMR (CDCl3, 125 MHz): δ 133.05, 132.48, 132.07, 
130.65, 128.58, 126.74, 124.98, 124.76, 124.58, 124.49, 122.72, 120.73, 120.38, 
119.88, 117.31, 113.53, 83.55, 49.97, 39.81, 31.91, 31.88, 29.87, 29.62, 29.57, 
29.53, 29.33, 29.29, 26.45, 25.07, 22.67, 14.08, 1.01; HRMS (FAB+): caldc for 
C50H70BNO2, 727.5500; found, 727.5506 (error = + 0.8 ppm). 
Synthesis of compound 5-6: N-annulated perylene monobromide 5-3 (735 mg, 
1.08 mmol), boronic ester 5-5 (785 mg, 1.08 mmol), Pd(PPh3)4 (62 mg, 0.05 
mmol) and Cs2CO3 (1.40 g, 4.30 mmol) were added into three-neck bottle under 
argon. Then degassed toluene (50 mL) and DMF (2 mL) were added and purged 
with argon. The mixture was stirred for 24 hours at 90 °C. After reaction finished 
and cooled to room temperature, water was added. The product was extracted with 
ethyl acetate (3 x 10 mL). The organic layer was washed with saturated brine and 
dried over anhydrous Na2SO4. The solvent was removed under vacuum and the 
residue was purified by column chromatography (silica gel, DCM: hexane = 1:5) 
to give a yellow solid product (1.06 g, 82%). 1H NMR (CDCl3, 500 MHz): δ 
8.68-8.72 (m, 4H), 8.18 (d, J = 8.1 Hz, 2H), 8.05 (s, 2H), 7.97 (d, J = 8.8 Hz, 2H), 
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7.81-7.88 (m, 6H), 7.64 (t, J = 7.9 Hz, 2H), 4.58-4.60 (m, 4H), 2.32 (m, 2H), 1.39 
(m, 12H), 1.09-1.18 (m, 68H), 0.83-0.88 (m, 12H). 13C NMR (CDCl3, 125 MHz): 
δ 136.49, 132.34, 132.22, 130.52, 129.40, 128.83, 124.96, 124.86, 124.57, 124.45, 
123.61, 120.78, 120.73, 117.60, 117.04, 113.55, 50.21, 40.02, 31.90, 31.85, 31.82, 
29.94, 29.90, 29.60, 29.56, 29.51, 29.31, 29.26, 26.51, 26.46, 22.66, 22.62, 14.08; 
HRMS (MALDI-TOF, m/z): caldc for C88H116N2, 1200.9133; found, 1200.9167 
(error = + 2.8 ppm). 
Synthesis of compound 5-7: To the solution of compound 5-6 (700 mg, 0.58 
mmol) in DCM (150 mL) was added NBS (207 mg, 1.16 mmol) solution in DMF 
(3 mL), and the mixture was stirred at 0 °C for 0.5 h, then warmed to room 
temperature and stirred overnight. The reaction mixture was washed with water (3 
x 50 mL) and brine (50 mL) to remove DMF. The solvent was evaporated under 
reduced pressure, and the crude product was purified by column chromatography 
on silica gel (hexane) to give a yellow solid (787 mg, 90 %). 1H NMR (CDCl3, 
500 MHz): δ 8.76 (d, J = 7.6 Hz, 2H), 8.71 (d, J = 7.5 Hz, 2H), 8.40 (d, J = 8.4 Hz, 
2H), 8.16 (s, 2H), 8.00 (s, 2 H), 7.96 (t, J = 7.9 Hz, 2H), 7.81 (d, J = 8.3 Hz, 2H), 
7.66 (t, J = 8.4 Hz, 2H), 4.55 (d, J = 3.6 Hz, 4H), 2.29 (m, 2H), 1.37-1.39 (m, 
12H), 1.08-1.16 (m, 68H), 0.79-0.86 (m, 12H). 13C NMR (CDCl3, 75 MHz): δ 
136.88, 132.35, 131.92, 130.57, 130.01, 129.26, 128.01, 125.46, 124.76, 124.58, 
124.41, 121.56, 121.27, 117.68, 117.31, 116.96, 116.71, 115.54, 50.25, 39.92, 
31.89, 31.84, 29.94, 29.90, 29.59, 29.52, 29.30, 29.25, 26.41, 22.66, 14.10, 14.07; 
HRMS (MALDI-TOF, m/z): caldc for C88H114Br2N2, 1356.7343; found, 
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1356.7297 (error = - 3.4 ppm). 
Synthesis of compound 5-8: Similar synthetic procedures to compound 5-7. After 
purification with column chromatography on silica gel (hexane), compound 5-8 
was obtained as a yellow oil (1.61 g, 90 %). 1H NMR (CDCl3, 300 MHz): δ 8.15 
(d, J = 7.5 Hz, 2H), 8.03 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H), 7.47 (s, 2H), 
3.73 (d, J = 7.5 Hz, 2H), 1.83-1.84 (m, 1H), 1.17-1.24 (m, 24H), 0.83-0.87 (m, 
6H). 13C NMR (CDCl3, 75 MHz): δ 130.70, 128.88, 126.95, 124.83, 124.37, 
122.87, 121.05, 117.47, 116.23, 115.05, 49.42, 39.45, 31.81, 31.74, 31.50, 31.46, 
29.79, 29.50, 29.45, 29.26, 26.26, 22.59, 14.09, 14.05; HRMS (EI, m/z): caldc for 
C36H41Br2N, 645.1606; found, 645.1586 (error = - 3.1 ppm). 
Synthesis of compound 5-9: A mixture of compound 5-8 (1.00 g, 1.54 mmol), 
tributyl-(thiophen-2-yl)stannane (1.73 g, 4.63 mmol), Ph(PPh3)4 (87 mg, 0.08 
mmol) and toluene/DMF (100 mL, 4 : 1, v/v), was heated at 80 °C under nitrogen 
atmosphere for 24 h. After cooling, water (80 mL) was added and the product was 
extracted with ethyl acetate (100 mL). The organic layer was washed with water 
(4 x 50 mL) and saturated brine (50 mL), and dried over anhydrous Na2SO4. Then 
the solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, hexane: DCM = 20:1) to afford a red yellow product 
(855 mg) in yield of 85%. 1H NMR (CDCl3, 500 MHz): δ 8.72 (d, J = 7.4 Hz, 2H), 
8.44 (d, J = 8.0 Hz, 2H), 7.91 (s, 2H), 7.85 (t, J = 7.8 Hz, 2H), 7.46-7.49 (m, 4H), 
7.27-7.29 (m, 2H), 4.57 (d, J = 7.3 Hz, 2H), 2.29-2.32 (m, 1H), 1.18-1.40 (m, 
24H), 0.78-0.83 (m, 6H). 13C NMR (CDCl3, 125 MHz): δ 143.61, 132.21, 130.55, 
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129.51, 127.91, 127.48, 126.99, 125.22, 124.93, 124.73, 124.20, 121.22, 117.22, 
115.18, 50.05, 39.80, 31.82, 31.76, 31.72, 31.68, 29.91, 29.61, 29.49, 29.23, 26.38, 
22.59, 14.07, 14.02; MS (MALDI-TOF, m/z): 653.4; HRMS (EI, m/z): caldc for 
C44H47NS2, 653.3150; found, 653.3146 (error = - 0.6 ppm).   
Synthesis of compound 5-10: To the solution of compound 5-9 (916 mg, 1.40 
mmol) in DCM (100 mL) was slowly added NBS (499 mg, 2.80 mmol) solution 
in DMF (3 mL), and the mixture was stirred at 0 °C for 0.5 h, then warmed to 
room temperature and stirred for another 0.5 h. The reaction mixture was washed 
with water (3 x 40 mL) and brine (40 mL) to remove DMF. The solvent was 
evaporated under reduced pressure, and the crude product was purified by column 
chromatography on silica gel (hexane/DCM = 100 : 1) to give a yellow solid (966 
mg, 85%). 1H NMR (CDCl3, 300 MHz): δ 8.72 (d, J = 7.3 Hz, 2H), 8.41 (d, J = 
7.8 Hz, 2H), 7.85 (t, J = 7.0 Hz, 2H), 7.83 (s, 2H), 7.19-7.23 (m, 4H), 4.54 (d, J = 
7.4 Hz, 2H), 2.24-2.29 (m, 1H), 1.17-1.38 (m, 24H), 0.80-0.82 (m, 6H); 13C NMR 
(CS2/CDCl3, 125 MHz): δ 192.46 (CS2), 145.11, 132.06, 130.38, 130.27, 128.66, 
127.56, 127.17, 125.16, 124.58, 123.85, 121.41, 117.31, 115.02, 111.62, 49.95, 
39.83, 31.90, 31.86, 31.75, 31.72, 30.01, 29.71, 29.60, 29.35, 26.48, 22.74, 14.14, 
14.10; HRMS (MALDI-TOF, m/z): caldc for C44H45Br2NS2, 809.1360; found, 
809.1366 (error = + 0.8 ppm).  
Synthesis of compound 5-11 and QDTP: To the solution of dicyanomethane 
(130 mg, 1.97 mmol) in dry THF (40 mL) was slowly added NaH (60% dispersion 
in mineral oil, 118 mg, 2.96 mmol) at 0 °C under nitrogen atmosphere, and the 
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mixture was stirred at 0 °C for 0.5 h. Then warmed to room temperature and 
stirred for another 0.5 h. The compound 5-10 (200 mg, 0.25 mmol) and 
Pd(PPh3)2Cl2 (35 mg, 0.05 mmol) was added. The mixture was refluxed for 48 h 
under nitrogen atmosphere. After cooling to 0 °C, aqueous HCl (1M) was added to 
quench the reaction until PH = 2, and the mixture was diluted with CHCl3 (150 
mL). The organic layer was washed with saturated brine and dried over anhydrous 
Na2SO4. The solvent was removed under vacuum. The residue dissolved in CHCl3 
(1.5 mL) was added dropwise into hexane (80 mL) and then the product was 
precipitated from the mixture. After washing with hexane, the crude product was 
used directly for next step oxidation. 
The crude product 5-11 was dissolved in acetonitrile (20 mL), and the undissolved 
solid was filtered. To the solution, several drops (5 drops) of saturated solution of 
p-chloranil in acetonitrile was slowly added and stirred for 5 min. The solid 
precipitated immediately. Then the solid was filtered and washed with acetonitrile 
and acetone. The crude product was further purified by column chromatography 
(silica gel, CHCl3) to provide a brown solid product QDTP (65% yield in two 
steps). HRMS (MALDI-TOF, m/z): caldc for C50H45N5S2, 779.3111; found, 
779.3128 (error = - 2.2 ppm).  
Synthesis of compound 5-12: A mixture of compound 5-7 (600 mg, 0.44 mmol), 
tributyl-(thiophen-2-yl)stannane (494 mg, 1.32 mmol), Ph(PPh3)4 (25 mg, 0.02 
mmol) and toluene/DMF (100 mL, 2:1, v/v), was heated at 80 °C under nitrogen 
atmosphere for 24 h. After cooling, water (80 mL) was added and the product was 
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extracted with ethyl acetate (200 mL). The organic layer was washed with water 
(4 x 50 mL) and saturated brine (50 mL) and dried over anhydrous Na2SO4. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, hexane: DCM = 7 : 1) to afford 5-12 as a yellow solid 
(426 mg, 70%). 1H NMR (CDCl3, 300 MHz): δ 8.71-8.78 (m, 4H), 8.50 (d, J = 8.3 
Hz, 2H), 8.06 (s, 2H), 7.99 (s, 2 H), 7.82-7.91(m, 4H), 7.67 (t, J = 8.1 Hz, 2H), 
7.50-7.52 (m, 4H), 7.29-7.32 (m, 2H), 4.63 (d, J = 7.3 Hz, 2H), 2.32-2.36 (m, 2H), 
1.08-1.42 (m, 80H), 0.81-0.87 (m, 12H); 13C NMR (CDCl3, 75 MHz): δ143.78, 
136.77, 132.62, 131.96, 130.71, 129.31, 129.17, 128.00, 127.49, 126.97, 125.15, 
124.91, 124.68, 124.64, 124.14, 121.14, 121.01, 117.51, 117.00, 115.55, 115.28, 
50.16, 39.93, 31.89, 31.85, 31.73, 29.98, 29.94, 29.69, 29.59, 29.31, 29.27, 26.43, 
22.66, 22.62, 14.10; HRMS (MALDI-TOF, m/z): caldc for C96H120N2S2, 
1364.8893; found, 1364.8887 (error = + 4.9 pm). 
Synthesis of compound 5-13: To the solution of compound 5-12 (400 mg, 0.29 
mmol) in DCM (60 mL) was slowly added NBS (104 mg, 0.59 mmol) solution in 
DMF (1 mL), and the mixture was stirred at 0 °C for 1 h, then warmed to room 
temperature and stirred for another 20 min. The reaction mixture was washed with 
water (3 x 10 mL) and brine (10 mL) to remove DMF. The solvent was evaporated 
under reduced pressure, and the crude product was purified by column 
chromatography on silica gel (hexane/DCM = 50 : 1) to give a yellow solid (375 
mg, 85 %). 1H NMR (CDCl3, 500 MHz): δ 8.77 (d, J = 7.6 Hz, 2H), 8.72 (d, J = 
7.6 Hz, 2H), 8.46 (d, J = 8.4 Hz, 2H), 8.04 (s, 2H), 7.92 (s, 2H), 7.89 (t, J = 8.0 Hz, 
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2H), 7.82 (d, J = 8.3 Hz, 2H), 7.67 (t, J = 7.9 Hz, 2H), 7.24 (m, 4H), 4.61-4.63 (m, 
4H), 2.33 (m, 2H), 1.17-1.40 (m, 80H), 0.81-0.86 (m, 12H); 13C NMR (CDCl3, 
125 MHz): δ145.43, 136.99, 132.79, 131.77, 130.77, 130.43, 130.34, 129.28, 
128.12, 127.75, 127.23, 125.12, 124.99, 124.86, 124.72, 124.65, 123.75, 121.26, 
121.16, 117.79, 116.92, 115.52, 115.31, 114.06, 114.33, 50.14, 39.93, 31.89, 31.86, 
31.78, 31.71, 29.99, 29.94, 29.70, 29.65, 29.60, 29.36, 29.31, 29.27, 26.42, 26.39, 
22.66, 22.62, 14.11; HRMS (MALDI-TOF, m/z): caldc for C96H118Br2N2S2, 
1520.7103; found, 1520.7098 (error = -3.4 pm). 
Synthesis of compound 5-14: A mixture of compound 5-13 (300 mg, 0.20 mmol), 
Sc(OTf)3 (520 mg, 1.0 mmol), DDQ (240 mg, 1.0 mmol) in toluene (50 mL) was 
refluxed for 24 h under nitrogen atmosphere. After cooling to room temperature, 
the solvent was evaporated under reduced pressure, and the crude product was 
purified by column chromatography on silica gel (CHCl3/Hexane = 1 : 2) to yield 
the green product (213 mg, 70%). HRMS (MALDI-TOF, m/z): caldc for 
C96H116Br2N2S2, 1518.6947; found, 1518.7010 (error = + 4.1 ppm). 
Synthesis of compound Per-CN: To the solution of dicyanomethane (112 mg, 
1.68 mmol) in dry THF (20 mL) was slowly added NaH (60% dispersion in 
mineral oil, 101 mg, 2.54 mmol) at 0 °C under nitrogen atmosphere, and the 
mixture was stirred at 0 °C for 0.5 h. Then warmed to room temperature and 
stirred for another 0.5 h. The compound 5-2 (112 mg, 0.21mmol) and 
Pd(PPh3)2Cl2 (14 mg, 0.02 mmol) was added. The mixture was refluxed for 48 h 
under nitrogen atmosphere. After cooling to 0 °C, aqueous HCl (1M) was added to 
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quench the reaction until PH = 2, and the mixture was diluted with CHCl3 (150 
mL). The organic layer was washed with saturated brine and dried over anhydrous 
Na2SO4. The solvent was removed under vacuum and the residue was purified by 
column chromatography on silica gel (CHCl3) to give a deep blue solid (85 mg, 
80%). 1H NMR (CDCl3, 500 MHz): δ 9.37 (d, J = 8.0 Hz, 2H), 8.84 (d, J = 8.2 Hz, 
2H), 8.02 (t, J = 8.0 Hz, 2H), 7.15 (s, 2H), 3.97-3.99 (m, 2H), 1.99-2.04 (m, 1H), 
1.40-1.61 (m, 8H), 0.90-0.93 (m, 6H); 13C NMR (CDCl3, 125 MHz): δ 156.58, 
148.43, 130.72, 129.89, 129.05, 128.78, 126.87, 124.04, 123.20, 116.53, 115.30, 
105.88, 48.56, 40.00, 30.73, 28.59, 24.18, 22.96, 13.95, 10.82; HRMS HRMS 
(FAB-): caldc for C34H25N5, 503.2110; found, 503.2110. 
Synthesis of compound 2Per-CN: Similar synthetic procedure to Per-CN, but 
need further oxidation with p-chloranil. The detailed oxidation operation is: after 
Takashi coupling, the residue was dissolved in CHCl3 (20 mL). Saturated solution 
of p-chloranil in CHCl3 (20 mL) was slowly added and the mixture was stirred 
overnight. The solvent was removed under vacuum and the residue was washed 
with a large amount acetone, and then was further purified by column 
chromatography on silica gel (CHCl3) to give a black solid in 60% yield. HRMS 
(MALDI-TOF, m/z): caldc for C94H115N6 ([M+1]), 1327.9183; found, 1327.9222 
(error = + 2.9 ppm). 
Synthesis of compound QDTQ: The same synthetic procedure to Per-CN. The 
crude product dissolved in CHCl3 (5 mL) and the undissolved solid was filtered 
off. Then the solution was concentrated into a small volume (1.5 mL) and added 
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dropwise into hexane (80 mL). Deeply colored solid precipitated from the mixture. 
After filtration the crude product was washed with a large amount of hexane and 
acetonitrile, and finally washed with mixture of hexane and acetone (v/v = 10 : 1) 
to yield target product QDTQ (59 mg, 50 %). HRMS (MALDI-TOF, m/z): caldc 
for C102H116N6S2, 1488.8703; found, 1488.8744 (error = + 2.8 ppm). 
 
References: 
1. (a) Rajca, A. Chem. Rev. 1994, 94, 871. (b) Konishi, A.; Hirao, Y.; Nakano, 
M.; Shimizu, A.; Botek, E.; Champagne, B.; Shiomi, D.; Sato, K.; Takui, T.; 
Matsumoto, K.; Kubo,T. J. Am. Chem. Soc. 2010, 132, 11021. (c) Morita,Y.; 
Suzuki, K.; Sato, S.; Takui,T. Nat. Chem. 2011, 3, 197. (d) Lambert, C. Angew. 
Chem. Int. Ed. 2011, 50, 1756. (e) Sun, Z.; Wu, J. J. Mater. Chem. 2012, 22, 
4151. 
2. (a) Thiele, J.; Balhorn, H. Chem. Ber. 1904, 37, 1463. (b) Montgomery, L. K.; 
Huffman, J. C.; Jurczak, E. A.; Grendze, M. P. J. Am. Chem. Soc. 1986, 108, 
6004. (c) Errede, L. A.; English, W. D. J. Org. Chem. 1963, 28, 2646. (d) 
Williams, D. J.; Pearson, J. M.; Levy, M. J. Am. Chem. Soc. 1970, 92, 1436. 
(e) Pearson, J. M.; Six, H. A.; Williams, D. J.; Levy, M. J. Am. Chem. Soc. 
1971, 93, 5034. (f) Koenig, T.; Wielesek, R.; Snell, W.; Balle, T. J. Am. Chem. 
Soc. 1975, 97, 3225. 
3. (a) Szwarc, M. Nature 1947, 160, 403. (b) Errede, L. A.; Landrum, B. F. J. 
Am. Chem. Soc. 1957, 79, 4952. 
Chapter 5 
 189
4. (a) Maxfield, M.; Bloch, A. N.; and Cowan, D. O. J. Org. Chem. 1985, 50, 
1789. (b) Yanagimoto, T.; Takimiya, K.; Otsubo, T.; Ogura, F. J. Chem. Soc., 
Chem. Commun. 1993, 519. (c) Takimiya, K.; Yanagimoto, T.; Yamashiro, T.; 
Ogura, F.; Otsubo, T. Bull. Chem. Soc. Jpn. 1998, 71, 1431. (d) Nishimura, K.; 
Khasanov, S. S.; Saito, G. J. Mater. Chem. 2002, 12, 1693. 
5. (a) Hertler, W. R. Chem. Abstr. 1965, 62, 4145. (b) Sandman, D. J.; Garito, A. 
J. J. Org. Chem. 1974, 39, 1165. 
6. (a) Addison, A. W.; Dalal, A. S.; Hoyano, Y.; Huizinga, S.; Weiler, L. Can. J. 
Chem. 1977, 55, 4191. (b) Morinaga, M.; Nogami, T.; Mikawa, H.; Bull. 
Chem. Soc. Jpn. 1979, 52, 3739. 
7. (a) Diekmann, J.; Hertler, W. R.; Benson, R. E. J. Org. Chem. 1963, 28, 2719. 
(b) Laquindanum, J. G.; Katz, H. E.; Dodabalapur, A.; Lovinger, A. J. J. Am. 
Chem. Soc. 1996, 118, 11331. 
8. (a) Newman, C. R.; Frisbie, C. D.; daSilvaFilho, D. A.; Bredas, J. L.; Ewbank, 
P. C.; Mann, K. R. Chem. Mater. 2004, 16, 4436. (b) Wen, Y.; Liu, Y. Adv. 
Mater. 2010, 22, 1331. (c) Brown, A. R.; de Leeuw, D. M.; Lous, E. J.; 
Havinga, E. E. Synth. Met. 1994, 66, 257. (d) Kunugi, Y.; Takimiya, K.; 
Toyoshima, Y.; Yamashita, K.; Aso, Y.; Otsubo, T. J. Mater. Chem. 2004, 14, 
1367. (e) Menard, E.; Podzorov, V.; Hur, S. H.; Gaur, A.; Gershenson, M. E.; 
Rogers, J. A. Adv. Mater. 2004, 16, 2097. 
9. (a) Jiang, W.; Qian, H.; Li, Y.; Wang, Z. J. Org. Chem. 2008, 73, 7369. (b) 
Jiao, C.; Huang, K.; Luo, J.; Wu, J. Org. Lett. 2009, 11, 4505. (c) Li, Y.; Gao, 
Chapter 5 
 190
J.; Motta, S. D.; Negri, F.; Wang, Z. J. Am. Chem. Soc. 2010, 132, 4208. (d) 
Li, Y.; Wang, Z. Org. Lett. 2009, 11, 1385. 
10. (a) Takahashi, T.; Matsuoka, K.-I.; Takimiya, K.; Otsubo, T.; Aso, Y. J. Am. 
Chem. Soc. 2005, 127, 8928. (b) Motta, D. S.; Negri, F.; Fazzi, S.; 
Castiglioni, C.; Canesi, E. V. J. Phys. Chem. Lett. 2010, 1, 3334. (c) Zhu, X.; 
Tsuji, H.; Nakabayashi, K.; Ohkoshi, S.-I.; Nakamura, E. J. Am. Chem. Soc. 
2011, 133, 16342. 
11. (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Francl, M. M.; Pietro, W. 
J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; Defrees, D. J.; Pople, J. A. 
Chem. Phys. 1982, 77, 3654. 
12. Casado, J.; Hicks, R. G.; Hernández, V.; Myles, D. J. T.; Delgado, M. C. R.; 
López Navarretea, J. T. J. Chem. Phys., 2003, 118, 1912. 
13. Wu, J.; Gherghel, L.; Watson, M. D.; Li, J.; Wang, Z.; Simpson, C. D.; Kolb, 
U.; Müllen, K. Macromolecules. 2003, 36, 7082. 
14. (a) Schleyer, P. V. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. V. E. 
J. Am. Chem. Soc. 1996, 118, 6317. (b) Schleyer, P. V.; Jiao, R. H.; Hommes, 
N. J. V. E.; Malkin, V. G.; Malkina, O. J. Am. Chem. Soc. 1997, 119, 12669. 







Chapter 6: Conclusions and Outlook 
 
The overall objective of this thesis was to design and synthesize functionalized 
closed-shell polycyclic aromatic hydrocarbons (PAHs) and stable open-shell 
PAHs with tunable electronic ground state. In the beginning, the fundamental 
concepts and design strategies on closed-shell and open-shell PAHs as well as two 
photon absorption chromophores based on PAH building blocks were introduced.  
For typical PAH, disc-like hexa-peri-hexa benzocoronene (HBC) is one of the 
most famous members for its rigid aromatic property and unique chemical 
unreactivity. By overcoming synthetic challenges, a series of novel C3 symmetric 
HBCs have been prepared, and investigated in the field of two photon absorption, 
optical power limiting and interfacial molecular two-dimensional (2D) 
self-assembly.  
The functionalized HBC derivatives (HBC-NO2, HBC-CN, HBC-CF3) were 
succesfully synthesized. These new largely delocalized chromophores showed 
large TPA cross sections, especially for the nitro- groups substituted HBC-NO2. 
The electron acceptor strength, the solvent polarity and the concentration all have 
obvious effect on their TPA properties. These octupolar TPA chormophores also 
exhibited very good optical power limiting performance with small limiting 
threshhold values. Our research suggested that large polycyclic aromatic 
hydrocarbons could be alternative good candidates for TPA materials. Therefore, 
these HBC derivatives not only enriched the family of PAHs, but also provided 
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new insights into structure-property of TPA chromophores. Furthermore, a new C3 
symmetric hexa-peri-hexabenzocoronene tricarboxylic acid molecule 
(HBC-COOH) was prepared for the first time by overcoming synthetic challages 
and purification difficulty. The HBC-COOH molecules assemble into a rigid 2D 
honeycomb network at solid-liquid interface via intermolecular hydrogen bonding 
interactions as investigated by scanning tunneling microscope (STM) 
measurements. Guest molecules such as coronene can be put into the cavities of 
the 2D porous network and this allows us to construct new host-guest system on 
surface. Two-dimensional supramolecular assemblies of octupolar HBC 
derivatives HBC-CN, HBC-NO2 and HBC-CF3 were also studied by in situ STM 
investigation at solid-liquid interface via dipole-dipole interactions. HBC-CF3 
showed 2D honeycomb structures drived antiparallel intermolecular dipoledipole. 
In contrast, HBC-CN and HBC-NO2 formed hexagonal superstructures as a result 
of a special trimeric arrangement induced by dipole-dipole interactions and weak 
hydrogen bonding interactions. These work showed how intermolecular hydrogen 
bonding and dipole-dipole interactions could enable fine control over the 
self-assembly of disklike π-conjugated molecules. 
 For open-shell PAHs, Chichibabin’s hydrocarbon as a classical singlet 
biradical has been investigated for a long time but most of the studies are 
complicated by their inherent instability. In this thesis, two new highly stable 
Chichibabin’s hydrocarbons 1-CS and 2-OS were prepared via a benzannulation 
strategy. Their electronic structure and geometry in the ground state were studied 
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by various experiments and DFT calculations. It turned out that 1-CS and 2-OS 
exhibited tunable ground states, with a closed-shell quinoidal structure for 1-CS 
while an open-shell biradical form for 2-OS. Their corresponding excited-state 
forms 1-OS and 2-CS were also chemically approached. The biradical 1-OS 
displayed an unusually slow decay process to the ground state (1-CS) due to a 
large energy barrier during the transition from an orthogonal biradical resonance 
form to a butterfly-like quinoidal resonance form. Compounds 1-CS and 2-OS can 
be oxidized into stable dications by FeCl3 and/or concentrated H2SO4. Moreover, 
the open-shell 2-OS also exhibited much larger two-photon absorption cross 
section (760 GM at 1200 nm) compared with the normal closed-shell PAH 
molecules. 
In subsequent studies, a series of new stable tetracyano-substituted quinoidal 
rylenes with tunable ground electronic state were successfully synthesized and 
their electronic structure and geometry in the ground state were also investigated 
by various experiments. The quinoidal N-annulated perylene (NP) monomer 
(Per-CN) displayed a closed-shell gound state, while its extensive analogues 
dimer-quinodimethane (2Per-CN), thienoperylene-quinodimethane (QDTP) and 
thienoquaterrylene-quinodimethane (QDTQ) demonstrated an open-shell singlet 
configuration. This is the first example to construct stable biradical species based 
on rylene building block. Besides the distinct biradical characters emergied from 
these quinoidal rylenes, the remarkable photophysical properties (the longest 
absorption band located at the near or infrared region) and special isomerization 
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phenomena of 2Per-CN and QDTP) are interesting for such molecules. 
These work related to open-shell PAHs were carefully conducted by a 
combination of possible methods (NMR, ESR, SQUID, Raman, TA, TFA, DFT 
etc.) to understand the fundamental properties of this type molecules. Our research 
established a new approach to design stable open-shell PAHs and also provided 
reliable characterization methods. 
Despite encouraging achievements in this thesis, preparation of fused 
quaterrylene-quinodimethane incorporated dicyanomethylene group derectly 
into quaterrylene core still suffers from synthentic challenges. It will be 
significant to compare its electronic ground state with that of other quinoidal 
rylenes. In addition, the rylene quinodimethane with longer member of 
quinoidal NP will attract great interest (i.e., trimer, tetramer and even larger 
oglimer quinoidal rylenes) due to their possibly open-shell configration in the 











Appendix: 1H, 13C NMR spectra, mass spectra, UV-vis spectra 
and HPLC curve 
1. 1H NMR and 13C NMR spectra of new compounds in chapter 2 
1H NMR spectrum of Compound 2-4 (CDCl3, 300 MHz, RT) 
 
 




1H NMR spectrum of Compound 2-5 (CDCl3, 300 MHz, RT) 
 
 






1H NMR spectrum of Compound 2-8 (CDCl3, 300 MHz, RT) 
 
 







1H NMR spectrum of HBC-NO2 (CDCl3, 300 MHz, RT) 
 
 






1H NMR spectrum of HBC-CN (CDCl3, 300 MHz, RT) 
 
 





1H NMR spectrum of HBC-CF3 (CDCl3, 300 MHz, RT) 
 
 





2. 1H NMR and 13C NMR spectra of new compounds in chapter 3 
1H NMR spectrum of Compound 3-1 (CDCl3, 300 MHz, RT) 
 
 




1H NMR spectrum of HBC-COOH (THF-d8, 300 MHz, RT) 
 
 





3. 1H, 13C NMR spectra, mass spectra and HPLC curve in chapter 4 
 
Representative HPLC curves of compounds 2-OS (Silica column, hexane/THF 
= 50/50 as eluent, flow rate 1 mL min−1, and detection wavelength is 566 nm).  
 
 






1H NMR spectrum (500 MHz) of compound 4-3 in CDCl3 at 298 K 
 
 






1H NMR spectrum (500 MHz) of compound 1-CS in CDCl3 at 298 K 
 
 





1H NMR spectrum (500 MHz) of compound 4-5 in CDCl3 at 298 K 
 
 






1H NMR spectrum (500 MHz) of compound 4-9 in CDCl3 at 298 K 
 
 





1H NMR spectrum (500 MHz) of compound 4-11 in CDCl3 at 298 K 
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HR mass spectra (EI) of compound 4-5 
 
 
HR mass spectra (EI) of compound 4-9. 
 
 
HR mass spectra (EI) of compound 4-11 
 






MALDI-TOF mass spectra of 2-OS 
 































































 MALDI-TOF mass spectra of compound 5-10 
 
Formula Mass Error 
(ppm) 
DblEq N rule Electron 
Configuration
























MALDI-TOF mass spectra of compound QDTP 
 
Formula Mass Error 
(ppm) 
DblEq N rule Electron 
Configuration 
C 50 H 45 N 5 S 2  779.3111 2.1715 31.00 ok odd 
 
MALDI-TOF mass spectra of compound 5-7 
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1327 1328 1329 1330 1331 1332
m/z 
Formula Mass Error 
(ppm) 
DblEq N rule Electron 
Configuration 
C 94 H 115 N 6 1327.9183 2.9369 40.50 ok even 
 
MALDI-TOF mass spectra of compound 5-14 
 
Formula Mass Error 
(ppm)
DblEq N rule Electron 
Configuration 































MALDI-TOF mass spectra of compound QDTQ 
 






C102 H116 N6 S2  1488.8703 2.7538 48.00 ok odd 
 
 





13C NMR spectrum (125 MHz) of compound 5-10 in CDCl3/CS2 at 298 K 
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